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Abstract 
Artemisinin (AN), a sesquiterpene, derived from the herb, Artemisia annua is the most 
widely used anti-malarial compound. Current production is insufficient to meet the 
growing demand for this important drug. Many experiments have been done to try and 
deduce what factors may be important to increased yield. Here is is shown that many 
disparate phenomena known to induce AN production may be linked under the umbrella 
of reactive oxygen species (ROS). To that end, the metabolite and transcriptional changes 
associated with the transition from vegetative growth to flowering have been 
investigated. In addition, the role that exogenous sugars play in modulating these same 
factors has been explored in young seedlings. Lastly, exposure to DMSO was shown to 
increase AN production and that it may be linked to ROS. These combined results wered 
further explored to determine the effects of direct ROS elicitation and subsequent 
quenching on the production of AN and related metabolites. Information gained here 
supported a new alternative hypothesis for the role of ROS in AN production, one in 
which hydrogen peroxide may be controlling the balance of deoxyartemisinin (deoxyAN) 
and AN.  
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Chapter 1: Introduction and Literature Review 
What I liked about chemistry was its clarity surrounded by darkness; what 
attracted me, slowly and hesitatingly, to biology was its darkness surrounded by 
the brightness of the givenness of nature, the holiness of life. And so I have 
always oscillated between the brightness of reality and the darkness of the 
unknowable. When Pascal speaks of God in hiding, Deus absconditus, we hear not 
only the profound existential thinker, but also the great searcher for the reality of 
the world. I consider this unquenchable resonance as the greatest gift that can be 
bestowed on a naturalist.  
       -Erwin Chargaff  
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Introduction 
Artemisia annua is an herbaceous plant long cultivated for its medicinal properties. It has 
wide geographic distribution and is tolerant of a variety of growing conditions.   It was 
first identified in the Chinese Materia medica in the 2nd century BCE (Hsu, 2006). Long 
used as a treatment for fever and malaria in the form of an herbal tea extract, it was not 
until the 1970s that Chinese scientists identified the primary active component, 
artemisinin (AN). Artemisinin was quickly identified as a viable treatment for malaria 
caused by the parasite Plasmodium falciparum.  As a pure compound, AN is the most 
effective treatment for most malarial cases but unfortunately yields from A.annua are 
typically low and, despite work to use other heterologous production schemes, the vast 
majority of AN comes from A.annua (Arsenault et al., 2008). 
Malaria remains, despite long standing knowledge of effective treatments, a global 
problem of immense scale. The World Health Organization (WHO) estimates that greater 
than 380 million cases of malaria occur each year contributing to more than 1 million 
deaths (Rathore, 2005). While malaria is not always fatal, it has still been estimated to 
account for the loss of close to 50 million disease adjusted life years from its victims 
(Mathers et al., 2007). The high prevalence of malaria in developing nations and the 
subsequent loss of productivity due to prolonged illness make this a crucial issue for 
much of the world. Furthermore, the problem of treating malaria in developing nations is 
hampered by issues of cost and drug availability (deRidder, 2008). While on a global 
scale, production of AN related treatments is relatively inexpensive, it is still far too 
costly  for widespread use among some of the most affected populations. These economic 
issues have hindered the responses of local governments in their efforts to control 
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malarial outbreaks. The WHO has stated that an effective cost per treatment course 
should be in the range of $0.10-0.15 USD, while the best estimates of production now 
have a single treatment course costing approximately $0.50 USD (WHO 2005; Ro et al., 
2006). 
Artemisinin, while being the primary active component in A.annua, is routinely 
derivatized in most malarial treatments and then combined with other anti-malarial 
compounds to limit the emergence of resistance (WHO, 2005). These pairings are 
collectively referred to as AN Combination Therapies (ACTs) wherein AN is paired with 
either a chloroquinone or  sulfadoxine-pyramethamine compound (Bhattarai et al., 2007). 
These ACTs are the WHOs recommended first line of treatment  for uncomplicated 
malaria as ACT treatment has been shown to be highly effective against most types of 
malaria. It has also been shown to be largely side-effect free and safe for both adults and 
children. Furthermore, it is the only prescribed treatment course shown to be safe for use 
in pregnant women and infants (Nosten et al., 2006). The efficacy of the drug is of 
critical importance as the vast majority of malaria related deaths occur within these two 
groups. However, the cost of these treatments remains the largest hurdle and AN 
continues to be a large contributor to the economic burden of widespread ACT usage.  
The high cost of AN has many causes, mostly relating to production in planta. A. annua 
has been shown to have a highly variable yield in regards to AN production. Typical 
yields can be anywhere in the range of 0.01 -1.5% dry weight which equates to typical 
productions of approximately 5-25kg/ha (Kumar et al., 2004). Factors affecting the yield 
of A.annua are numerous but one of particular importance is the existence of chemotypes 
within the species (Wallaart et al., 2000); strains of A.annua differ in the composition and 
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amount of AN related metabolites. Selection of high yielding cultivars has been ongoing 
for decades. Attempts at using traditional breeding techniques to produce higher yielding 
strains has also met with limited success mostly through increases in trichome density 
(Delabays et al., 2001; Lommen et al., 2006; Graham et al., 2010). A.annua is an obligate 
out-crosser, which inherently increases the variability in seed populations. Although 
recent success in breeding has been demonstrated by Graham et al. (2010), reliable 
harvest of plants with predictable yields has been viewed as difficult at best (Delabays et 
al., 2001). Other contributors to the cost of ACT treatments include expensive harvesting 
methods, chemical purification and processing which require large amounts of chemical 
solvents to extract and purify AN. These techniques are not only economically 
challenging; they are also environmentally hazardous. Consequently, the site of AN 
production is often far removed from the site of A.annua harvest and the site of ACT 
clinical application. Finally, there is the added cost of combining it with its partners into 
ACTs before distribution.  
Apart from malaria, AN has also shown efficacy against a variety of other diseases, 
ranging from common parasitic infections to some cancers (Efferth et al., 2007). Most 
AN is derivatized to other forms before use as a therapeutic, as these derivatizations often 
serve to extend the residence time of the molecule in vivo and may increase its efficacy 
against other pathogens as well as Plasmodium falciparum (Praygod et al., 2008). In its 
use against cancer, AN seemingly functions through the limiting of angiogenesis, thereby 
cutting blood supply to growing tumors (Zhou et al., 2007). Some evidence also suggests 
that AN could be functioning through a variety of other mechanisms relevant to cancer 
biology, including induction of apoptosis, modification of epidermal growth factor 
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receptor and mitogen activated protein kinase signaling pathways, and cyclin dependent 
kinase transcriptional regulation (Firestone and Sundar, 2009). Study of AN’s efficacy in 
these areas is ongoing, but preliminary results are very promising. If, following clinical 
trials, AN should prove to be an effective treatment for any of these cancers, it would 
only increase the demand for this drug that is already in short supply.  
Isoprenoid Biosynthesis 
Isoprenoids or terpenoids constitute one of the largest classes of plant secondary 
metabolites. Greater than 40,000 unique isoprenoids have been identified (Withers and 
Keasling, 2007) with the majority coming from plants. Within this diverse group are 
many important pharmaceutical compounds including AN and the potent anti-mitotic 
terpenoid, taxol (Liu et al., 2009a). Isoprenoids can be broadly classified as those 
compounds which are derived from the five carbon isoprene subunit, isopentenyl 
diphosphate (IPP) or its isomer, dimethylallyl diphosphate (DMAPP). These two subunits 
are combined into molecules of varying chain lengths before being derivatized and 
modified into any number of diverse compounds (Liang et al., 2002; Eisenreich et al., 
2004). Most plant-produced terpenes fall within the 10-30 carbon class consisting of two 
to six IPP or DMAPP subunits. With that in mind, most terpenoids are classified based on 
the number of carbons in their most basic structural backbone of IPP/DMAPP. The most 
common 10, 15, 20, and 30 carbon terpenoids use the prefixes mono-, sesqui-, di- and tri, 
respectively. AN, with 15 carbons, is a sesquiterpene molecule derived from two  IPP and 
one DMAPP molecule (Schramek et al., 2010).  
Biosynthetic pathways leading to sesquiterpenes are also quite diverse with IPP and 
DMAPP both being produced by two distinct biochemical routes (Figure 1.1). The first of 
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these pathways to be identified was the mevalonic acid (MVA) pathway (Katsuki and 
Bloch, 1967). This route is located entirely in the cytosol of plant cells and is highly 
conserved across species. The second route, the 2-C-methyl-D-erythritol 4-phosphate 
(MEP) pathway is localized to plastids . This pathway is also present in bacteria, which is 
expected given the likely origin of plastids as endosymbiotic prokaryotes (Rohmer et al., 
1996).  
The cytosolic MVA pathway derives its carbon from acetyl-CoA, itself a product of 
pyruvate, carbohydrates, fatty acid metabolism, and possibly also amino acids (Koops et 
al., 1991). The MVA pathway effectively begins with the conversion of three acetyl-CoA 
molecules to 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) through an acetoacetyl-CoA 
intermediate. These reactions are catalyzed by HMG-CoA synthase and thiolase, 
respectively. HMG-CoA is then reduced to mevalonic acid, which is then phosphorylated 
twice through two independent kinase reactions to yield mevalonate 5-diphosphate. This 
6-carbon molecule subsequently looses a carbon dioxide molecule yielding IPP. This may 
then be isomerized to DMAPP through IPP isomerase. Thus, the action of IPP isomerase 
is critical to controlling the balance of IPP and DMAPP present in the cell (Ramos-
Valdivia et al., 1997; McCaskill and Croteau, 1999). These molecules are then used as 
the substrates for a number of different enzymes responsible for the majority of sesqui- 
and tri-terpenes. Also of note is that while this model holds for many species, alternate 
hypotheses for the source of IPP for sesqui- and triterpenes have also been proposed 
including being derived exclusively from the MEP pathway, though this has only been 
demonstrated for certain species, namely peppermint (McCaskill and Croteau, 1995).   
7 
 
 
Figure 1.1: Simplified terpene biosynthetic pathway leading to farnesyldiphosphate. 
HMGR: HMG-CoA Reductase; DXS: DXP synthase; DXR, DXP reductase. Adapted 
from Arsenault et al 2010  
The MEP pathway, common to many bacteria and plant plastids, derives its initial carbon 
from pyruvate and glyceraldehyde 3-phosphate. These two molecules are combined into 
1-deoxy-D-xylulose 5-phosphate (DXP), through the action of DXP synthase (DXS). 
DXP is subsequently reduced to 2-C-methylerythritol 4-phosphate (MEP) through DXP 
reductase (DXR). MEP is subsequently phosphorylated and circularized before 
undergoing a final cleavage and reduction to yield both IPP and DMAPP (Rohmer et al., 
1996). Molecules from the MEP pathway are most commonly integrated into mono- and 
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di-terpenes. Among the products of this pathway are many of the carotenoids, and the 
prenyl side chains of chlorophylls.  
Given the distribution of products in the cell, it was long thought that these pathways 
operated more or less independently of one another. That is, terpenoids present in the 
cytosol derived their IPP from the MVA pathway and those in the plastid derived their 
IPP from the MEP pathway. Through extensive work in a variety of species, including 
A.annua, this has been shown to be a largely false conclusion. Numerous examples of 
IPP and DMAPP moving from their plastid localized production to the cytosol for 
incorporation into sesqui- and tri-terpenes have been identified. For example, the more 
recently discovered plastidal pathway accounts for all of the IPP and DMAPP production 
in particular cells most notably in menthol biosynthesis (McCaskill and Croteau, 1999).  
However, movement in the opposite direction, cytosol to plastid, seems to be far less 
prevalent, if present at all. In addition, the role that transporters may play in this 
interaction is still undescribed as no such transporters of IPP or DMAPP in either 
direction have been identified.  
Isopentenyl diphosphate, used for the production of FPP, which will eventually become 
AN, appears to stem from both the plastid and the cytosolic IPP biosynthetic pathways. 
This conclusion emerges from experiments first showing that IPP from both pathways 
was able to, but not necessarily required for AN biosynthesis (Towler and Weathers, 
2007). Subsequently through 13C labeling studies, it was shown quite conclusively that 
IPP/DMAPP molecules from both the cytosol and the plastid are used to make 
sesquiterpenes in A.annua (Schramek et al., 2010). Interestingly, these molecules appear 
to be used in a consistent 2:1 ratio of cytosol derived to plastid derived. It is not clear 
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why this ratio exists but it has been hypothesized that IPP and DMAPP intermediates 
may be undergoing a shuttling process wherein an IPP from the cytosol is translocated to 
the plastid where it is combined with a DMAPP of MEP origin. This, now 10-carbon, 
geranyldiphosphate is then translocated back to the cytosol where it is prenylated a 
second time by farnesylpysophosphate synthase (FPS) to yield the common sesquiterpene 
skeleton, FPP (Matsushita et al., 1996). Questions remain as to why the cell would use 
this back and forth approach to FPP biosynthesis but it is possible that differences in the 
enantiomeric ratios of IPP and DMAPP produced in the cytosol in relation to the plastid 
may be partially responsible (Schramek et al., 2010). Despite these gaps in knowledge, it 
is now quite clear that IPP and DMAPP used for AN production are of mixed 
biosynthetic origin and that both pathways play a role in supplying precursor molecules.  
Sesquiterpene and AN Specific Biosynthesis  
The first committed step in all sesquiterpene biosynthesis is the production of their 
universal backbone farnesyldiphosphate (FPP) (Matsushita et al., 1996). FPP may then be 
further condensed to form triterpenes such as squalene, which leads to a number of 
different steroid molecules (Chappell 2002).  
Farnesyl diphosphate is then converted into amorpha-4, 11-diene through the action of 
amorphadiene synthase (ADS)(Bouwmeester et al., 1999; Picaud et al., 2005). ADS 
catalyzes the cyclization of FPP into two, six carbon rings (Figure 1.2). ADS was cloned 
by Bouwmeester et al., (1999) and shown to be the likely rate limiting enzyme for AN 
biosynthesis. However, this may be in question, because new evidence that upregulation 
of genes pre-ADS may also increase yields of downstream products (Ram et al., 2010).  
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Over expression of FPS in transgenic plants yielded increases in AN, which would 
suggest that in at least certain instances the limiting factor is the availability of precursors 
rather than the catalytic saturation of ADS (Chen et al., 2000a, Han et al., 2006). 
 
Figure 1.2: Artemisinin biosynthetic pathway, post-FPP. ADS, amorphadiene synthase; 
Aldh1, aldehyde dehydrogenase 1; CYP, CYP71AV1 monooxygenase; DBR2, double 
bond reductase. Adapted from  Arsenault et al., (2010) 
 In addition, the volatility of amorphadiene makes accurate metabolix flux analysis 
difficult at best. What is accepted  is that amorphadiene is the common precursor to a 
large family of AN-related metabolites and that ADS is solely responsible for its 
production. Heterologous expression and characterization of ADS in Sacharomyces 
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cerevisiae have confirmed this activity both in vitro and in vivo (Lindahl et al., 2006; Ro 
et al., 2006).  
Analysis of the ADS sequence reveals no known intracellular localization signal and it is 
presumed to be cytosolic like most other sesquiterpene cyclases. In tissues, however, 
ADS transcripts appear to be enriched in the cDNA pools of glandular trichomes, which 
have since been shown to be a primary, if not exclusive, site of artemisinin biosynthesis 
(Olsson et al., 2009). Furthermore, putative WRKY transcription factors also have been 
identified that show binding affinity to the ADS promoter region. These transcription 
factors also appear to be enriched in the cells of glandular trichomes and may, therefore, 
regulate other AN biosynthetic genes (Ma et al., 2009). Although heterologous beta-
glucuronidase (GUS) expression using the ADS promoter in A. thaliana has suggested 
that ADS may be more widely expressed, it is unclear if ADS enzyme activity is present 
in any other cell types (Kim et al., 2008).   
Amorpha-4,11-diene is subsequently converted by a cytochrome P450 monooxygenase 
(CYP71AV1; CYP), which produces artemisinic acid  (AA). CYP, in fact, catalyzes three 
distinct reactions on the way to AA, yielding two different intermediates, artemisinic 
alcohol and artemisinc aldehyde (Teoh et al., 2006; Ro et al., 2006). Each of these three 
compounds is present in A.annua cells and in vitro studies have confirmed that CYP is 
able to act on both intermediates independently and catalyze their conversion to AA. 
Thus, CYP is able to add the first two oxygens of an eventual five that are present in AN. 
In addition, like most cytochrome p450s, CYP is likely membrane localized; however, 
this has not been conclusively shown (Covello et al., 2007). Although the discovery of 
CYP activity does support their originally proposed biosynthetic scheme (Bertea et al., 
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2005), a membrane localized monooxygenase, is in conflict with the original hypothesis 
of Bouwmeester and others that the C-12 oxidation would be accomplished by a cytosolic 
enzyme. Despite prior thinking, current evidence shows that CYP and its cytochrome 
P450 reductase partner (CPR) are solely responsible for these biochemical reactions and 
that they are likely localized in the endoplasmic reticulum (Schuler and Werck-Reichhart, 
2003). 
Similar to ADS, CYP has been shown to be elevated in cDNA libraries prepared from 
glandular trichomes and indeed was originally cloned from such a library (Teoh et al., 
2006). Until recently, however, it was not clear if CYP expression was solely limited to 
trichomes or if activity was also present elsewhere in the plant. For instance, using a 
novel poly-clonal ELISA assay, developed by Zeng et al. (2009), showed the presence of 
ADS, CYP and CPR in roots and stems and leaves suggesting that they may not be 
exclusive to trichomes. Later work by Olsson et al (2010) contradicts this finding and 
suggests that enzymes are exclusively located in the apical cells of glandular trichomes. 
While differences in expression patterns and localization have been identified, currently 
there are no identified control mechanisms for CYP expression in planta and no 
transcription factor binding sites have been identified in the CYP promoter region.  
CYP has also been a target of heterologous expression systems for the production of high 
levels of AA , which may be chemically converted to AN. This approach has met with 
limited success at small scales and much optimization and scale-up remains to be done 
before this semi-synthetic method is a viable solution to the shortage of AN (Ro et al., 
2006).  
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The biochemical products of CYP appear to be of critical importance as this represents 
the first major branch point within the AN pathway to all of the diverse AN related 
metabolites. Artemisinic aldehyde and artemisinic alcohol may be converted to their 
“dihydro”artemisinic intermediates on the way to AN while AA  appears to lead to the 
production of arteannuin B (AB) and numerous other related metabolites (Brown and Sy, 
2007). Clearly understanding the factors that influence CYP is important to 
understanding AN biosynthesis in general. Furthermore, CYP shows sequence homology 
to many other P450 monooxygenases and preliminary evidence suggests that the 
conversion of amorpha-4,11-diene to AA  and the associated intermediates may be 
possible with p450s from other species such as chicory (Teoh et al., 2006; de Kraker et 
al., 2003) indicating that this reaction mechanism may be quite common in the Asteracea 
family. This could make CYP an attractive model for studying general mechanisms of 
sesquiterpene lactone monooxygenases in this plant family.  
Following the isolation and characterization of CYP it was widely assumed that AN was 
derived from AA. However, work by Brown and Sy (2007) had suggested that DHAA 
may be non-enzymatically converted to AN. Production of DHAA was presumed to be a 
derivative of AA ; however, with the cloning of artemisinic aldehyde double bond 
reductase (DBR2) it was shown that at least one other route for the production of DHAA 
may exist that is independent of the levels of AA (Zhang et al., 2008). In this model, 
DBR2 competes for substrate with CYP and is able to shift the balance of artemisinic 
metabolites to the “dihydro” reduced forms. Much like the other AN related enzymes, 
DBR2 was cloned from a trichome cDNA library (Zhang et al., 2008). Its product, 
dihydroartemisinic aldehyde is subsequently reduced by a novel aldehyde dehydrogenase 
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(ALDH1), which is also able to oxidize artemisinic aldehyde to AA  though it remains 
unclear if this activity is relevant in vivo, in light of the already observed activity of CYP 
(Zhang et al., 2008; Teoh et al., 2009).  
These enzymes, FPS, ADS, CYP, DBR2, and ALDH1, account for the presence of the 
great majority of measured artemisinic metabolites and present an almost entirely 
complete biosynthetic pathway from pyruvate/deoxyxylulose/IPP to AN. The only steps 
missing are the ones leading to the presumed final products in these pathways, mainly 
AN and AB. It has been proposed and supported by multiple lines of evidence that the 
conversion of DHAA and AA to AN and AB, respectively, may be non-enzymatic 
through photo-oxidative mechanisms (Brown and Sy, 2007, 2004). While such reactions 
were readily carried out in vitro, it was unclear if these reactions were the primary route 
in vivo. Some have suggested that DHAA, when in the presence of singlet oxygen and a 
lipophillic surrounding may be able to undergo spontaneous oxidation to AN in a two-
step process involving a radical attack by singlet oxygen and a subsequent formation of 
the key endoperoxide bridge (Brown and Sy, 2007; Covello et al., 2007). Other products 
including deoxyartemisinin (deoxyAN) also appear to be potential products of a photo 
oxidation reaction with either DHAA or AA.  
If the nonenzymatic mechanism of AN formation is considered in light of the previous 
knowledge of AN related gene expression data, glandular trichomes appear to be of 
primary importance. They are already known to be key centers of artemisinic gene 
expression and contain, in their epicuticular sacs, the lipophillic environments necessary 
for the possible spontaneous oxidation of DHAA to AN (Duke and Paul, 1993; Brown 
and Sy, 2007). The combination of necessary proteins for initial biosynthesis of precurors 
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and an appropriate chemical environment for spontaneous oxidation to occur cannot be 
overlooked and may be crucial to the understanding of AN biosynthesis. The last 
potential component of this system is the molecular oxygen entering the system in both 
its singlet and triplet states.  
Reactive Oxygen Species Production and Detoxification 
The evolution of both respiration and photosynthesis as aerobic processes has led to the 
constant generation of reactive oxygen species (ROS), which are potentially toxic by-
products. ROS have broad target specificity affecting DNA, lipids, and proteins. It should 
be of no surprise that plants especially have developed a diverse array of ROS scavenging 
and detoxification mechanisms to cope with this constant stress. However, in certain 
other instances plants have also evolved mechanisms to generate and use ROS as a tool 
for survival and defense (Apel and Hirt, 2004).  
Sites of ROS Production 
ROS can be generated by a variety of both biotic and abiotic mechanisms but virtually all 
of them stem from the conversion of triplet oxygen to ground state singlet oxygen 
through electron transfer. This singlet oxygen is then converted through a variety of 
mechanisms to a number of different ROS capable of reacting with numerous 
biomolecules. In plants, ROS are produced in virtually all cellular compartments by a 
number of different metabolic processes. The two most important sources of ROS are 
photosynthesis and respiration (Foyer and Noctor 2000). Most deviations in the levels of 
ROS within a cell can be traced back to a perterbation of either of these two systems or a 
deficiency in detoxification (Apel and Hirt, 2004). One important exception to this is the 
oxidative burst most commonly associated with plant pathogen defense. In this case, ROS 
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are generated through a NADPH-oxidase dependant mechanism in the apoplastic space 
(Doke, 1985). This serves to generate a short lived burst of superoxide anions that are 
rapidly converted to hydrogen peroxide, which is effective in eliminating certain invading 
plant pathogens (Figure 1.3) (Doke et al., 1996). In addition, the oxidative burst is a key 
component of the hypersensitive response, a part of the plant-pathogen defense system 
involving programmed cell death (Dangl and Jones, 2001). 
 
Figure 1.3: Singlet oxygen and  superoxide production and enzymatic ROS 
detoxification. MV, methyl viologen/ paraquat; SOD, superoxide dismutase 
Within the chloroplast ROS are continuously produced as a by-product of photosynthesis 
and the electron transport chain. Typically they are quickly removed and assimilated into 
other less harmful products, but many abiotic stressors can alter this balance and cause 
localized increases in ROS. The most common abiotic stress associated with chloroplast 
generated ROS is that in which light intensity overwhelms the capacity for CO2 fixation 
and photosystem II (PSII) causing an inhibition of photosynthesis (Apel and Hirt, 2004). 
This leads to subsequent spikes in superoxide and hydrogen peroxide emanating from 
photosystem I (PSI) and singlet oxygen generated from PSII. This problem can be 
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exacerbated by drought stress and also extremes of temperature; both are common 
occurrences in situations when the photosynthetic machinery is overwhelmed, and this 
seems to inhibit ROS detoxification (Xiong et al 2002).  
Though far less significant than that of chloroplasts, the other primary source of ROS is 
mitochondrial respiration. While in animal cells, respiration accounts for the majority of 
ROS stress, in plants it remains a relatively minor, though none the less, important 
contributor. ROS here are generated through the incomplete reduction of oxygen within 
the electron transport chain (Apel and Hirt, 2004). This leads to production of superoxide 
radicals and subsequently to H2O2. Plants have more robust mechanisms for coping with 
ROS generated in the mitochondrion than do animals making this a lesser contributor to 
the redox state of plant cells.  
Plants are also subject to a wide variety of abiotic stresses known to produce excess ROS. 
Sources of ROS are quite diverse in both their nature and the type of ROS generated. For 
example, high intensity UV light has been shown to readily generate superoxide radicals 
(Scandalios, 1993). Soil conditions, especially heavy metal contaminants, like copper, 
also have been shown to increase ROS stress within many plant species (Babu, 2001). As 
already noted, many plant pathogens increase ROS stress in plants though this is often 
localized to the site of infection. As part of this response, many plant hormones and 
signaling molecules associated with a general stress response will generate ROS when 
applied exogenously. Among these are salicylic acid (SA), and nitric oxide, which are 
both associated with plant pathogen defense and show a strong ability to modulate ROS 
levels (Klessig et al., 2000).  
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ROS Detoxification 
Just as diverse as the means of generating ROS are the means plants employ to eliminate 
them. Included are a variety of both enzymatic and non-enzymatic mechanisms. The end 
result of each is the reduction of radical oxygen into water and the oxidation of a less 
toxic electron donor. 
Some of the key enzymes in ROS detoxification include superoxide dismutase (SOD), 
peroxidase, and catalase (Figure 1.3). Other enzymes are also involved in ROS 
detoxification but participate mostly in the redox cycling of ROS scavenger molecules 
rather than directly acting on ROS. SOD, perhaps the most important enzyme in ROS 
detoxification, is the first line of defense against ROS, turning superoxide into H2O2 
(Figure 1.3). Plants, unlike most organisms, have typically many different SODs that 
localize to different subcellular compartments. These can be broadly categorized by their 
metal cofactors: CuZn-SOD, Fe-SOD, and Mn-SOD present in the cytosol, plastids, and 
mitochondria, respectively, of most plant cells (Kliebenstein et al., 1998). The lines for 
these subcellular localizations are sometimes blurred, however, with many plants, for 
instance, showing CuZn-SODs in both plastids and peroxisomes as well as the cytosol. 
SODs have extraordinarily high turnover rates, which makes superoxide typically fairly 
short lived in cells as it is quickly converted to H2O2, thus, necessitating a second line of 
defense against ROS damage.   
Plants have a number of means of dealing with H2O2 that have evolved to cope with the 
ability of H2O2 in the presence of transition metals to be reduced to highly reactive 
hydroxy radicals. To that end, removal of H2O2 through catalase and through the 
ascorbate peroxidase – glutathione cycle is extremely important. Catalase converts two 
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molecules of H2O2 into 2 molecules of water and one of oxygen and like SOD, has a very 
high turnover rate making it a very effective mechanism for the elimination of H2O2 
(Figure 1.3).  
However, plants have also evolved non-enzymatic detoxification mechanisms to deal 
with excess ROS that may be generated under stress conditions. Most of these non-
enzymatic mechanisms involve some portion of the ascorbic acid –glutathione cycle. This 
cycle, which begins with the binding of H2O2 to ascorbate (AsA), eventually reduces the 
H2O2 to water (Figure 1.4). This first reaction is catalyzed by ascorbate peroxidase (APX) 
and produces monodehydroascorbate (MDA) as an oxidized product (Apel and Hirt, 
2004). At this point, MDA can go one of two ways. It can either be reduced using 
NADPH and MDA reductase to yield asocorbate, or it will spontaneously dismutate into 
dehydroascorbate. Dehydroascorbate can also be generated through the reaction of AsA 
and singlet oxygen though the rate constant for this reaction is relatively small compared 
to that with H2O2 or compared to the reaction of singlet oxygen with other ROS 
quenchers, namely carotenoids (Triantaphylidès and Havaux, 2009). The regeneration of 
AsA from dehydroascorbate is through dehydroascorbate reductase (DHAR) (Figure 1.4). 
However, DHAR requires the oxidation of the tripeptide glutathione (GSH) to 
glutathionedisulfide (GSSH) to drive the reaction producing AsA from dihydroascorbate. 
Another enzyme, glutathione peroxidase (GSHR), can also catalyze the direct removal of 
H2O2 through reaction with GSH to form GSSH. Finally, the reducing power of NADPH 
is needed to return GSSH from either of the above mechanisms to GSH through 
glutathione reductase (Buettner, 1993).  
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Figure 1.4: Simplified and condensed ROS detoxification pathways focusing on the 
ascorbic acid/glutathione cycle responsible for the majority of ROS detoxification in 
plants. Enzymes are represented in Red. AsA, ascorbic acid; APX ascorbic acid 
peroxidase; MDHA, monodehydroascorbate; MDHAR, monodehydroascorbate 
reductase; DHA, dehydroascorbic acid; DHAR, dehydroascorbic acid reductase; GSH, 
glutathione; GSSG, glutathione disulfide; GR, glutathione disulfide reductase; NADP(H), 
nicotinamide adenine dinucleotide phosphate 
 
Other non-enzymatic mechanisms also exist for ROS detoxification, most notable are the 
tocopherols (Vitamin E) that function more specifically in the avoidance of lipid 
oxidation. Biomembranes are especially vulnerable to peroxidation reactions and 
tocopherol, which happens to contain an isoprenoid chain, is one of the few fat soluble 
ROS scavenger molecules. Tocopherol associates with membranes and out competes 
other lipids for ROS thereby reducing damaging membrane peroxidation products 
(Buettner, 1993).  
Artemisia annua seems to have a particular ability to tolerate unusually high levels of 
ROS. For instance, populations of A.annua have been isolated from China growing on 
APX 
DHAR GR 
MDHAR 
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ancient copper mining pits where few other plants can survive (Shu et al., 2001). In fact, 
they were originally described in the Chinese materia medica as growing on wasteland, 
often so characterized due to drought (Hsu, 2005). Heavy metal exposure and drought are 
both known to be strong inducers of ROS, though A.annua appears to be somewhat 
resistant to both (Shu et al., 2001). This would suggest that A.annua has a particularly 
robust and possibly unique ROS detoxification mechanism in place. While the canonical 
ROS detoxification mechanisms described above are certainly active in A.annua, it is 
possible that novel mechanisms may exist that have allowed this species to carve out a 
niche in what would otherwise be inhospitable environments.  
Trichomes and Development 
Very early in plant leaf and floral development, small surface projections begin to form; 
these eventually become trichomes. These structures can be subdivided into a number of 
different types, of which A.annua has two, standard triserate (ST) and glandular secretory 
(GSTs). STs are present in the majority of plants and serve numerous functions including 
light diffraction and alteration of surface wetting characteristics (Wagner, 1991). More 
important to this work are the GSTs which contains large epicuticular sacs holding a 
variety of important compounds (Duke and Paul, 1993; Lommen et al., 2006). These 
have been implicated in pathogen resistance, toxin sequestration, allelopathy, and 
pollinator attraction (Wagner, 1991). A. annua secretes a great number of secondary 
products into its trichomes (Bertea et al., 2006) and it is likely that all AN produced by 
the plant, if not made there de novo, is eventually transported there. Indeed, lines of 
A.annua that lack trichomes do not produce detectable AN, lending support to the 
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hypothesis that AN is stored in these structures and that perhaps the biochemistry of the 
trichome is necessary for the drug’s production (Tellez et al., 1999).  
Transport of secondary products from distal locations to the GSTs has been demonstrated 
for numerous products, most famously for nicotine, which is formed in roots and then 
translocated to GSTs; however, the mechanism of this translocation has yet to be 
identified (Zador and Jones, 1986). While it seems that AN related metabolism is likely 
confined to the trichomes themselves, one cannot truly discount the role that transport 
may play. Preliminary data from our group and others have shown that roots do play an 
important role in the production of AN though their function in this regard has yet to be 
specifically identified (Ferreira et al., 1996; Mannan et al., 2009).  
The gross morphology and structure of trichomes has been understood for some time, as 
these were some of the first structures to be identified by early microscopists. However, 
the cellular make-up and developmental progression of these important appendages has 
only more recently been elucidated. Most GSTs consist of a combination of supporting 
stalk cells and apical secretory cells that vary in number and ratio from species to species. 
Artemisia annua has 8-cell biserate glandular trichomes that are divided into 2 stalk or 
base cells and 6 secretory cells at the apex (Duke and Paul, 1993). These secretory cells 
form a large epicuticular sac which separates from the cell wall and allows for the 
accumulation of a large number of essential oils (Bertea et al., 2006; Figure 1.5). Among 
these essential oils is AN and at least some of its related metabolites. Exactly which 
metabolites are located in the epicuticular sac as opposed to within the secretory cells 
proper is not yet clear.  
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Figure 1.5: Trichome structure and cellular organization in A. annua. A: Schematic of 
fully mature trichome with expanded epicuticular sack. Two apical layers of secretory 
cells are enclosed within expanded cuticle. B: Light micrograph profile of A. annua 
trichomes (400x). C: Fluorescent micrograph of adaxial trichomes of A. annua. 
At the very least,  the enzymes necessary for production of the artemisinic precursor 
molecules AA and DHAA are present in the secretory cells and are unlikely secreted to 
the epicuticular space (Olsson et al., 2009). This supports the notion that their products, 
AA and DHAA, are likely located at some point in the secretory cells before being 
moved into the epicuticular space either as they are, or post-conversion to AB or AN, 
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respectively. Furthermore, the mRNA transcripts of artemisinic metabolite related 
enzymes are not present in the sub-apical basal cells of trichomes but are highly 
expressed in the secretory cells (Olsson et al., 2009).  
The presence of AN within the trichome is quite consistent with many of its hypothesized 
roles in plant physiology. It has been suggested that the evolutionary advantage of AN 
production has been to act as a phytoalexin. It has been demonstrated by our group 
(Arsenault et al., 2010; Chapter 3; Figure 3.6)  and others that AN has phytotoxic 
activities and even shows toxicity to A.annua (Duke et al.,1987; Chen and Leather, 
1990). Furthermore, AN has been proposed to act as an anti-microbial compound as it has 
proven toxic to numerous viruses, bacteria and parasites that are endemic to animals and 
to humans (Romero et al., 2006; Mishina et al., 2007). Many allelopathic compounds 
have been isolated from GSTs as these structures are some of the first an invading 
pathogen would encounter, thus forming a good first line of defense. Lastly, trichomes 
are known to sequester a great variety of volatile organic compounds, many of which are 
terpenoids like AN. It has been suggested that in times of high oxygenic stress, these 
volatile organics may oxidize, thereby allowing the plant to sequester toxic oxygen for  a 
later release but bound to these volatile compounds (Holopainen, 2004). While AN is not 
particularly volatile relative to many of the other major terpenes (e.g. menthol, linalool), 
it is possible that this may be an alternative role for AN. It has also been shown for many 
species, including A. annua, that as a plant ages its GSTs continue to enlarge (Lommen et 
al., 2006). Eventually, however many epicuticular sacs burst, presumably releasing their 
contents to the surrounding atmosphere or to the surface of the supporting leaf (Duke and 
Paul, 1993; Lommen et al., 2006).  
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While GST biogenesis happens quite early in development, the populations are not static 
and seem to undergo their own maturation process. Lommen et al., (2006) reported a 
correlation between trichome density and AN concentration but noted that in some 
instances AN levels continued to rise even while trichome numbers plateaued. They 
hypothesized that this could be due to the maturation of the trichomes. In other words, 
while their absolute numbers remained stable the epicuticular sacs continued to expand 
leading to the observed increases in AN. This expansion does not, however, continue 
unabated and eventually leads to the rupture of older trichomes. How extensive this 
rupture is, or what its effects on plant metabolism are not known. What is clear is that 
developmental trichome dynamics and AN production are intimately related.  
Other Developmental Shifts 
Correlations between AN and flowering have also been reported and indeed, large 
developmental shifts in the concentration of AN have been long known to occur with the 
transition from vegetative growth to reproductive growth (Ferreira and Janick, 1995; Ma 
et al., 2008). Confounding the issue have been differing reports as to when AN and its 
related metabolites reach their maximum levels. It has been established that the switch 
from vegetative growth to reproductive growth ushers in a rise in AN levels but the point 
at which this happens is not entirely clear. Some groups have claimed that the highest AN 
levels are seen just prior to flowering when buds are initially formed (Zhang et al., 2006). 
While other groups claim that AN peaks during full flowering stage (Ferreira and Janick, 
1995; Ma et al., 2008). Interestingly, it has been demonstrated that the process of 
flowering itself is not entirely necessary for increased AN production. Transgenic plants 
expressing a flowering promoting factor (fpf1) were induced to flower early but did not 
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show a concomitant increase in AN production (Wang et al., 2004). This decoupling 
supports the idea that some other physiological or biochemical change that occurs during 
development might be responsible for the increases in AN and that flowering alone 
would be insufficient to induce AN accumulation.  
Not surprisingly, ROS appear to play a role during development wherein, for example, 
these toxic molecules are often used to signal a phase shift (Mittler et al., 2004; Apel and 
Hirt, 2004). For example, mutants deficient in APX and thylakoid peroxidase experience 
delayed flowering indicating that higher levels of ROS may inhibit certain developmental 
transitions. However, it has been shown in Arabidopsis that during the final transition to 
flowering, APX undergoes a large decline in activity and superoxide dismutase activity 
increases (Ye et al., 2000). This combination increases intracellular H2O2 concentrations 
and also increases lipid peroxidation. While in Arabidopsis this response is quite robust, 
it is not yet clear if this is a hallmark of all plants during the transition to flowering. 
Increases in H2O2 induce higher levels of APX but when seed set occurs levels return to 
those observed during pre-flowering (Ye et al., 2000). Furthermore, in Arabidopsis, a 
quick oxidative burst at flowering, even in non-floral tissues, leads to lipid peroxidation; 
a similar effect in A. annua would certainly not be surprising and evidence presented here 
suggests that such a mechanism may even be expected.  
Links between ROS and AN 
Besides the putative link between a flowering oxidative burst and AN accumulation there 
are a variety of other stimuli that have been shown to increase AN, and many of them 
also increase ROS in other species. It is tempting to use ROS as a common causal link 
between many disparate elicitors but it should be noted that ROS is a common response 
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to hundreds of stress responses and is indeed a normal part of plant development. Links 
between disparate stimuli and AN are thus far circumstantial evidence. That said, the 
great majority of identified AN elicitors do have links with increased oxidative stress. 
Among these are elicitation by salicylic acid and nitric oxide, which are both active in 
plant defense reponses, and the elicitation of ROS through suppression of APX and 
catalase (Wang et al., 2010; Suhita et al., 2004; Klessig et al., 2000). AN  also appears to 
respond to chilling stress (Yang et al., 2009); a ROS signaling mechanism has been 
implicated as a physiological response to chilling in which elevated ROS levels persist 
even after the chill stress is removed. In hairy roots, which admittedly are a poorly 
understood platform for AN accumulation, nitric oxide accumulation has been observed 
concomitant with AN production; however, the levels are far less than typically observed 
in vegetative foliar tissue (Zheng et al., 2008). In addition, our group has shown that 
highly oxygenated A. annua root cultures also show increased AN accumulation, though 
the link to ROS is speculative (Kim et al., 2001). Lastly it has long been known that 
drying of freshly harvested tissue increases AN yield (Laughlin, 2002). This particular 
phenomenon has two possible connections to a non-enzymatic ROS linked mechanism, 
stemming from the formation of lipophillic environments with the collapse of membranes 
following removal of water and the increase in ROS due to drought stress responses.  
Objectives and Organization of Thesis 
The aim here is to show that production of AN and it’s related metabolites are the end-
results of a complex interplay between physiological changes in trichome development, 
redox state, and stress responses. Furthermore, it is hypothesized that DHAA  and AA  
may be acting as ROS scavengers and that AN and its related oxidated compounds, 
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despite their allelopathic activity, may first be a means of sequestering toxic oxygen from 
the plant and may account for A. annua’s high tolerance to oxidatively stressful 
environments. Should this be the case, new strategies for increasing AN yield could be 
pursued.  
Chapter 2 describes an initial study of the development of A. annua during the transition 
from vegetative to reproductive growth phase. It was the first study of its kind to link 
changes in developmental, transcription of key biosynthetic genes, production of AN and 
its precursors, and trichome biogenesis. This chapter is currently under revision to 
include results of some suggested new experiments following submission and peer 
review.  
Chapter 3 then presents similar work describing the effects of exogenous sugars on A. 
annua seedlings. This, again also links shifts in development, AN related metabolite 
changes, and transcriptional changes. This work, originated from preliminary work on the 
effects of sugars on A. annua (Wang and Weathers, 2007). It has also laid some of the 
groundwork, and in light of the work in chapter 2, furthered the study of ROS in control 
of AN biosynthesis. Chapter 3 has been published (Arsenault et al., 2010).  
Chapter 4, also already published (Mannan et al., 2010), presents the first evidence from 
our group that ROS is playing an active role in the biosynthesis of AN and that AN may 
also be acting as the end product of a novel ROS detoxification pathway. It also more 
clearly shows the complex interplay between a variety of factors in controlling AN 
products from gross physiological changes during development, to alterations in the 
underlying biochemistry and interactions with primary metabolic processes. Work here 
29 
 
helped establish the hypotheses presented in Chapter 5 concerning the elicitation of AN 
and related molecules through the induction of ROS stress. Chapter 6 provides analysis 
and conclusions of the work as a whole with suggestions for future work.   
  
30 
 
Chapter 2: Developmental Modulation of Artemisinic Metabolites 
and Transcript Abundance in Artemisia annua 
 
This chapter was originally submitted for publication in Plant Physiology as Arsenault, 
PR; Vail, D; Wobbe, KK; Erickson, K; Weathers, PJ  “Reproductive development 
modulates AN related gene expression and metabolite levels in A. annua” It was returned 
for revisions with encouragement to resubmit. Experiments pertaining to developmental 
modulation of DBR2 expression are ongoing. 
 
Science confounds everything; it gives to the flowers an animal appetite, and 
takes away from even the plants their chastity. 
        -Joseph Joubert 
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Abstract 
The relationship between the transition to budding and flowering in A. annua and the 
production of the antimalarial sesquiterpene, AN (AN), the dynamics of artemisinic 
metabolite changes, AN related transcriptional changes, and plant and trichome 
developmental changes were measured. Maximum production of AN occurs during full 
flower stage within floral tissues, but that changes in the leafy bracts and non-bolt leaves 
as the plant shifts from budding to full flower. Expression levels of early pathway genes 
known to be involved in isopentenyl diphosphate and farnesyl diphosphate biosynthesis 
leading to AN were not immediately positively correlated with either AN or its 
precursors. However, we found that the later AN pathway genes, amorpha-4, 11-diene 
synthase and the P450 CYP, were more highly correlated with AN’s immediate precursor 
DHAA  within all leaf tissues tested. In addition, leaf trichome formation throughout the 
developmental phases of the plant also appears to be more complex than originally 
thought. Trichome changes correlated closely with the levels of AN but not its 
precursors. Differences were observed in trichome densities that are dependant both on 
developmental stage (vegetative, budding, flowering) and on position (upper and lower 
leaf tissue). These data allow us to present a novel model for differential control of AN 
biosynthesis as it results to developmental stage.  
Introduction 
The medicinal plant, A. annua L., used as a traditional Chinese medicine for more than 
2000 years (Acton and Klayman, 1985; Hsu, 2006),  produces AN (AN; Figure 1.2), the 
sesquiterpene lactone endoperoxide that is the central component of AN Combination 
Therapy (ACT). ACT is currently the most effective malaria drug and is the World 
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Health Organization’s currently recommended treatment (Bhattarai et al., 2007). AN also 
shows some promise as a potential therapeutic for other parasitic and viral diseases as 
well as for the treatment of certain cancers and the reduction of angiogenesis (Effereth et 
al., 2002; Romero et al., 2005; Utzinger et al., 2004; Singh et al., 2004). AN has 
traditionally been isolated from the shoot tissue of field-grown plants, but yield of the 
drug is characteristically low and does not currently meet worldwide demand. Production 
through synthetic chemistry is not economically feasible; however certain metabolic 
engineering approaches appear promising (Arsenault et al., 2008).  
Through the recent work of several groups, the biosynthesis of AN is almost completely 
elucidated (Figure 1.2). Like all sesquiterpenes, AN is composed of 15 carbons that 
derive from the condensation of three 5-carbon isoprene molecules to farnesyl 
diphosphate, by farnesyl diphophate synthase (FPS). Farnesyl diphosphate is converted to 
amorpha-4, 11-diene through the activity of amorpha diene synthase (ADS; Bouwmeester 
et al., 1999; Picaud, 2005). Amorpha-4, 11-diene is subsequently oxidized in three steps 
to artemisinic acid (AA) through the action of a single enzyme, CYP71AV1 (CYP; Teoh 
et al., 2006; Ro et al., 2005). AA  may then be converted to either arteannuin B (AB) or 
potentially to dihydroartemisinic acid  (DHAA) and then to AN (Sy and Brown, 2002; 
Brown and Sy, 2004; Figure 1.2). The mechanisms of these final steps are not currently 
known but it has been suggested that they may be the result of a non-enzymatic photo-
oxidation reaction (Sy and Brown, 2002). Recently a double bond reductase (Dbr2; 
Zhang et al., 2008) and an aldehyde dehydrogenase (Aldh1; Teoh et al., 2009) were also 
isolated (Figure 1.2). They appear to function in the conversion of artemisinic aldehyde 
to its dihydro form and then to the dihydro acid (DHAA), respectively; Aldh1 appears to 
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also convert artemisinic aldehyde to AA, an activity also ascribed to CYP (Zhang et al., 
2008). Many of these genes are highly expressed in glandular trichomes from whose 
cDNA libraries they were cloned (Teoh et al., 2009; Zhang et al., 2008, 2009).  
AN is produced in glandular trichomes located on leaves, floral buds, and flowers (Tellez 
et al., 1999; Ferreira and Janick, 1996). In nonflowering A. annua plants (i.e., during 
vegetative growth), trichome numbers were shown to increase per unit area on the adaxial 
leaf surface until leaf expansion ceases at which point trichome numbers begin to decline, 
apparently a result of their collapse (Lommen et al., 2006); to our knowledge no data 
have been reported for changes in trichome counts on the abaxial leaf surface, for floral 
bolt leaves (the leafy bracts), or in relation to the epidermal pavement cells. Interestingly, 
Lommen et al. (2006) observed that AN levels, which rise with increasing trichome 
numbers, continue to rise even after trichome populations begin collapsing; they attribute 
the increase in AN to maturation effects within the trichome. 
Many studies have shown that AN content can vary widely among different cultivars or 
ecotypes of A. annua (Waallart et al., 2000). It has also been reported that AN content is 
responsive to the time of harvest, light intensity, and developmental stage (Ferrerira and 
Janick, 1995). Specifically regarding developmental stage, AN levels are reported to 
reach their peak either just before flowering, or at full flower (Acton et al., 1985; 
Woerdenbag, 1993). Flowering, however, may not be necessary for increasing AN 
content as plants transformed with the flower promoting factor 1 (Fpf1) were induced to 
flower much earlier, but did not produce significantly different levels of AN (Wang et al., 
2004). Consequently, other factors linked to the reproductive developmental phase 
change are likely more involved in increasing AN levels.  
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This study measured changes in steady state mRNA levels, trichome populations, and 
artemisinic metabolite levels in response to shifting A. annua from the vegetative to the 
reproductive growth phase. Transcripts of 6 key genes in AN biosynthesis were 
measured: 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGR) from the cytosolic 
mevalonic acid-dependant IPP pathway, 1-deoxyxylulose 5- phosphate synthase (DXS) 
and 1-deoxyxylulouse 5-phosphate reductoisomerase (DXR) from the plastidic 
mevalonate-independent IPP pathway, FPS, ADS, and CYP.  Leaf trichome populations 
and the levels of AA, DHAA, AB, and AN were also measured.  
Materials and Methods: 
Plant growth conditions 
A. annua L. (cultivar YU, isolated from the former Yugoslavia, a gift of Nancy Acton, 
Walter Reed Army Institute of Research, Silver Spring, MD) was grown from seed in 
growth chambers maintained at 28°C with a light intensity of approximately 90 µmol m-2 
s-1. Plants were grown in Metromix 360 soil (Sungro, Bellevue, WA) in 12x12x5 cm pots 
and all plants received regular watering and bi-weekly fertilizer treatments. Plants were 
maintained in a vegetative state (Figure 2.1a) through a long-day photoperiod of 16 hours 
light, 8 hours dark. After 8 weeks, when plants reached a height of approximately 15 cm, 
a random subset of developmentally consistent plants was selected and moved to a 
growth chamber with identical environmental conditions, but with 8 hours light, 16 hours 
dark. Floral bolts were observed about eighteen days later (Figure 2.1b).  
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Figure 2.1 : A.annua budding and flowering morphology and tissue divisions. 
Plants were allowed to develop full flowers and 1 day later were harvested. Vegetatively 
grown plants were harvested after the same period of growth as those in full flower, 
approximately 13 weeks after planting. At harvest, plant stems and roots were discarded 
and the rest of the plant material was separated into the following for extraction and 
analysis: leaves from vegetatively grown plants, (VEG); from reproductive plants during 
floral budding: leafy bracts (LBB) and floral buds (BUD) off the floral bolts, and  the 
large leaves below the bolt (LLB); from reproductive plants during full flower: leafy 
Buds 
Flowers 
LBB/ LBF 
 
LLB /LLF 
 
          D             E       F 
                  A       B             C 
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bracts (LBF) and flowers (FLW) off the floral bolt, and  the large leaves below the bolt 
(LLF). See Figure 2.1 (D-F) arrows for location of the leafy bracts. All material was flash 
frozen in liquid nitrogen for storage at -80°C preceding extraction and analysis. 
RNA isolation and real-time RT-PCR 
Methods briefly described here are detailed in Arsenault et al. (2010). Immediately after 
harvest, plant samples were flash frozen in liquid nitrogen, ground, and RNA extracted 
and purified. RNA transcripts were reverse-transcribed into cDNA and then analyzed by 
real-time PCR. Primers were designed for the seven genes using PrimerSelect 
(Lasergene, DNAStar, Inc) based on cDNA sequences specific for A. annua available at 
NCBI; (Table 2.1). Primer pairs were designed with similar melting temperatures, to 
amplify 200-300 bp fragments, and checked for amplification and specificity by gel-
electrophoresis of RT-PCR products. Relative fold changes in gene expression were 
calculated based on the 2-ΔΔCT comparative method (Livak and Schmittgen, 2000; 
Sehringer et al., 2005; Cikos et al., 2007). Product integrity was checked via melt-curve 
analysis using the myIQ software package (Bio-rad, Hercules CA).  
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Table 2.1: Primer sequences for A.annua target gene amplification by RT-PCR.  
Gene Direction Sequence (5' => 3') Base Pairs Product Length 
ADS Forward ATACAACGGGCACTAAAGCAACC 23 297 bp 
ADS Reverse GAAAACTCTAGCCCGGGAATACTG 24 297 bp 
CYP Forward GGGGTTAGGGATTTAGCCAGAA 22 218 bp 
CYP Reverse AATTGCCTCCAGTACTCACCATAA 24 218 bp 
DXR Forward ATTGCTGGCGGTCCCTTTGTTCTT 24 237 bp 
DXR Reverse CTTTTCTCCCCATGCTCAGTTAGG 24 237 bp 
DXS Forward ATGGGTTGGCGGGATTCAC 19 274 bp 
DXS Reverse CCGTCAAGATTGGCAGTAGGTAAA 24 274 bp 
FPS Forward GTATGATTGCTGCGAACGATGGA 23 211 bp 
FPS Reverse CGGCGGTGAATAGACAATGAATAC 24 211 bp 
HMGR Forward GGTCAGGATCCGGCCCAAAACATT 24 251 bp 
HMGR Reverse CCAGCCAACACCGAACCAGCAACT 24 251 bp 
18S Forward TCCGCCGGCACCTTATGAGAAATC 24 219 bp 
18S Reverse CTAAGAACGGCCATGCACCACCAC 24 219 bp 
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AN and Artemisinic Precursor Quantification 
AN and its metabolites, AA, AB and DHAA were extracted from freshly harvested 
tissues and measured by LC/MS as described in Mannan et al. (2009). Briefly, tissues 
were extracted by sonication in toluene, and then semi-purified on a silica gel column and 
dried under a stream of nitrogen gas before being resuspended in the LC-mobile phase 
(95% acetonitrile + 5 mM ammonium formate). Metabolites were detected using an AP-
ESI source in single ion monitoring mode for relevant molecular ions and identity was 
verified using the spectra and retention times of authentic external standards.   
Glandular Trichome and Pavement Cell Measurements  
Glandular trichomes were counted using the method of Lommen et al., (2006). Briefly, 
terminal leaflets of fully expanded leaves were fixed to glass slides with double-sided 
adhesive tape. Trichomes were counted using a binocular microscope at 100 
magnification within a 10x10 grid corresponding to 1 mm2. Counts were taken twice per 
leaf at random locations across the surface and averaged for each biological repeat; at 
least 4 leaves were measured per condition. Subsequent to trichome counts, epidermal 
pavement cells were counted using the technique of Cappeledes et al. (1990). The same 
leaf sections were then coated with a thin layer of clear nail enamel and allowed to dry 
completely. The epidermal layer was then peeled off the leaves using clear adhesive tape 
that was then adhered to a new slide and visualized at 400 magnification with a 10x10 
grid corresponding to 0.25 mm2. Epidermal leaf pavement cells within each grid were 
counted using the same method as trichomes, with the average of 2 counts per leaf acting 
as a single replicate using a total of 4 leaves.  
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Statistical Analyses 
Experiments were independently replicated at least three times and significant differences 
in metabolite concentration and trichome density were evaluated using the Student’s t-
Test. q PCR data were analyzed using the Mann-Whitney U test (Yuan et al., 2006). 
Results: 
While others (Acton et al., 1985; Woerdenbag, 1993) demonstrated that increases in AN 
occur with the transition from vegetative growth to the reproductive cycle in A. annua, 
little is known about the effects this transition has on other artemisinic metabolites or on 
the transcriptional activity of key genes in the AN pathway. Seven tissues were analyzed 
for transcripts and the AN metabolites, AN, AA, AB, and DHAA: leaves of vegetative 
plants, flower buds, fully open flowers, leafy bracts from the floral bolts of budding and 
full flowering plants, and the large leaves below the bolts of budding and full flowering 
plants. Comparisons were made between shifting metabolite concentrations, leaf 
trichome populations, and alterations in the transcription of relevant genes for plants 
transitioned from vegetative to reproductive growth.  
Artemisinic Metabolite Profiles 
All parts of reproductive plants showed equal or greater amounts of AN than vegetative 
leaves (Figure 2.2). AN was highest in flowers (FLW) at 1.16 mg gFW-1 during anthesis 
and more than 5 fold greater than that observed in either vegetative leaves (VEG) or in 
floral buds (BUD) (Figure 2.2). As plants shifted from vegetative growth to reproductive 
growth the AN levels of the large vegetative leaves on the plant increased from 0.12 mg 
gFW-1 in the VEG leaves to 0.59 mg gFW-1 in the LLF tissue (Figure 2.2, see VEG  
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LLB LLF).  In contrast, the AN content of the smaller leafy bracts decreased by about 
75% once flowers fully developed (Figure 2.2, see LBB  LBF).   
 
Figure 2.2: DHAA/AN and AA/AB metabolite response during development. DHAA, 
dihydroartemisnic acid; AN, artemisinin; AA, artemisnic acid; AB, arteannuin B; VEG, 
vegetative plants; LLB, lower non-bolt leaves from budding plants; LLF, lower non-bolt 
leaves from flowering plants; LBB, leafy bract leaves from budding plants; LBF, leafy 
bract leaves from flowering plants; BUD, buds; FLW, flowers. 
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A similar distribution pattern for AB was also observed (Figure 2.2). Again, every tissue 
type from reproductive plants showed higher levels than leaves from vegetative plants.  
Within the reproductive plants, the pattern of AB production was almost identical to that 
observed for AN (Figure 2.2). The highest levels were once again observed in floral 
tissues (FLW; 1.94 mg gFW-1) followed closely by the leafy bracts on the bolt of budding 
plants (LBB; 1.38 mg gFW-1); floral buds (BUD) and the leafy bracts on the bolt of 
plants in full flower (LBF) had concentrations of AB at 0.28 mg gFW-1 and 0.45 mg 
gFW-1, respectively. This was only marginally more than the amount found in vegetative 
leaves (Figure 2.2). As the floral buds expanded to full flower, the AB levels increased 
about 7 fold (Figure 2.2, see BUD  FLW). Although the large leaves beneath the bolt 
slightly increased in AB concentration during this transition to full flower, AB in the 
leafy bracts decreased 3 fold (Figure 2.2). 
When the amounts of the two precursor compounds, AA and DHAA, were measured, a 
pattern different from either AB or AN emerged (Figure 2.2). Vegetative leaves (VEG) 
showed the highest level of either metabolite, at 0.54 mg AA gFW-1 and 0.52 mg DHAA 
gFW-1, and these levels decreased substantially during floral bud formation and full 
flowering (Figure 2.2; see VEG  LLB  LLF). AA similarly declined in these tissues, 
but to a lesser degree (Figure 2.2; see VEG  LLB  LLF). Reproductive phase tissues 
showed nearly uniform low levels of both DHAA and AA except for the leafy bracts on 
the bolts of budding plants, which showed about twice as much DHAA as any other 
tissue in reproductive phase plants. It is also interesting to note that in vegetative leaves 
the levels of AN and AB were much lower than their respective precursors, DHAA and 
AA (Figure 2.2).   
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Transcript Analysis 
To determine if transcript levels correlated with measured metabolite levels, tissue 
samples from vegetative, budding and flowering plants were harvested and separated into 
their constitutive parts for analysis by real time RT-PCR. Sample transcript levels were 
standardized to 18s rRNA and compared relative to vegetative plants. Six major genes 
were measured. They represent the mevalonic (HMGR) and non-mevalonic (DXS and 
DXR) pathways for IPP production, sesquiterpene specific IPP condensation (FPS), and 
two artemisinic metabolite specific transcripts (ADS and CYP).  
Changes in HMGR during budding and flowering were significant in floral buds and fully 
opened flowers; floral buds especially showed > 25 fold increase in HMGR expression 
relative to vegetative leaves. As flowers expanded from buds, there was a slight decrease, 
but transcript levels were still more than 10 fold greater than in vegetative leaves (Figure 
2.3). There were fewer pronounced changes in leaves (Figure 2.3). Leafy bracts on the 
floral bolt showed a small (~ 5 fold) increase in HMGR transcripts during budding 
relative to vegetative leaves, but at full flower declined substantially to levels equivalent 
to that in vegetative leaves (Figure 2.3). Leaves beneath the floral bolt showed no 
significant changes in HMGR in either the budding or flowering stage relative to one 
another or to vegetative leaves. 
DXS and DXR are key enzymes of the plastid non-MVA pathway, and this route 
provides some of the IPP used in AN biosynthesis (Towler and Weathers, 2007; 
Schramek et al., 2009). Relative to the leaves on vegetative plants, there were 5-6 fold 
increases in both DXR and DXS in floral bud tissue, and 3-4 fold increases in the leafy 
bracts on bolts of budding plants (Figure 2.4). 
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Figure 2.3 : HMGR and FPS transcriptional changes during development relative to 
vegetative shoots. Bars represent fold changes relative in indicated tissues relative to 
vegetative shoot tissue. Error bars are standard deviations calculated from the derived 
fold change. Each bar represent at least three indenpendant samples. HMGR, HMG-CoA 
reductase; FPS, farnesyl diphosphate synthase 
As plants transitioned from floral buds to full flower, however, transcripts of both genes 
declined; DXS in particular decreased >80% once flowers opened (Figure 2.4). While 
similar decreases also occurred in the leafy bracts as buds transitioned to full flower, the 
leaves beneath the bolts remained equivalent in both DXS and DXR transcripts to levels 
in vegetative plant leaves (Figure 2.4). 
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Figure 2.4: DXS and DXR transcriptional changes during development relative to 
vegetative shoots. Bars represent fold changes relative in indicated tissues relative to 
vegetative shoot tissue. Error bars are standard deviations calculated from the derived 
fold change. Each bar represent at least three indenpendant samples. DXS, 1-deoxy-D-
xylulose 5-phosphate synthase; DXR, 1-deoxy-D-xylulose 5-phosphate reductase. 
FPS is responsible for the initial condensation of IPP and DMAPP, forming the 15-
carbon backbone of all the measured artemisinic sesquiterpene metabolites as well as a 
myriad of other secondary metabolites. FPS showed an expression pattern similar to that 
observed for HMGR with a 10 fold increase in expression in floral buds while flowers 
showed a smaller increase over vegetative tissues.  There were relatively few changes in 
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other tissue types except for slight (< 3 fold) increases in the lower shoots of flowering 
plants (Figure 2.3).  
Last, the levels of ADS and CYP were measured; both are specific to the AN pathway.   
These genes showed almost parallel patterns of expression across the tissue types, 
perhaps indicating a mechanism for some coordination of their expression during the 
transition to reproduction. Similar to the other genes measured, both ADS and CYP 
showed their highest level of expression in floral buds at greater than 12 fold that found 
in vegetative leaves, but once flowers fully developed, transcript levels declined and ADS 
levels were slightly below levels found in vegetative leaves (Figure 2.5).  In the leafy 
bracts and nonbolt leaves both ADS and CYP also showed large decreases, up to 100 fold, 
in transcript levels at both stages of the reproductive plants relative to vegetative plant 
leaves (Figure 2.5).  
Trichome Levels  
AN is produced and stored in the glandular trichomes on A.annua plants, so trichome 
populations were measured on different leafy tissues taken from plants in both 
developmental phases.  In leaves from vegetative plants the number of trichomes in 
relation to epidermal pavement cells was highest when the leaves were young and then 
declined significantly once leaves were fully expanded (Figure 2.6). This suggests that 
trichomes are actually eliminated or collapsed rather than just reduced in relative number 
per unit area as pavement cells expand. 
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Figure 2.5: ADS and CYP transcriptional changes during development relative to 
vegetative shoots. Bars represent fold changes relative in indicated tissues relative to 
vegetative shoot tissue. Error bars are standard deviations calculated from the derived 
fold change. Each bar represent at least three indenpendant samples. ADS, amorpha 4, 
11-diene synthase; CYP, cyotchrome P450 monooxygenase 
The nonbolt leaves (LLB or LLF) on reproductive plants (See Figure 2.1, E-F) have a 
significantly greater trichome to pavement cell ratio than the oldest leaves on vegetative 
plants; trichome numbers per 1000 pavement cells are 141.2 (flowering plants), 70.7 
(budding plants) and 41.22 (vegetative plants) (Figure 2.6).  
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Figure 2.6: Trichome populations of 
leaves from vegetative, budding and 
flowering plants relative to leaf 
position and surface. Error bars 
represent ±1 SD (n=4). LLV, lower 
leaves of vegetative plants; LLB, 
lower leaves of budding plants; LLF, 
lower leaves of flowering plants; 
ULV, upper leaves of vegetative 
plants; LBB, leafy bracts of budding 
plants; LBF, leafy bracts of 
flowering plants. 
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In contrast the youngest leaves from both vegetative and reproductive stage plants 
showed no significant difference in their trichome to pavement cell ratio (compare ULV 
to LBB to LBF). However, the number of trichomes mm-2 did increased significantly in 
the adaxial population of the youngest leaves of budding and flowering plants relative to 
vegetative plants.  Trichome populations (number mm-2) showed close correlation with 
AN content of each type of leaf analyzed (Figure 2.7). 
 
Figure 2.7: Correlation between trichome number and AN concentration. Veg, vegetative 
leaves; LLB, lower non-bolt leaves of budding plants; LLF, lower non-bolt leaves of 
flowering plants; LBB, Leafy bracts of budding plants; LBF, leafy bracts of flowering 
plants. 
Influence of exogenous AN on AN-related transcript levels 
When AN in 70% ethanol (50 µg ml-1) was sprayed on leaves of mature plants and 
compared to 70% ethanol controls most genes showed no response after 24 hours. 
HMGR, DXS and DXR showed no difference from control plants in their transcript 
levels. FPS and CYP showed no significant difference from controls and furthermore 
showed mean increases above control leaves in their transcript level. ADS did show a 
mean decrease in transcript level by approximately 50% but the difference was not 
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statistically significant (p=0.243). No phenotypic changes were observed after the 24 
hour period of exposure and it is unclear if the dynamics of transcript change occur on 
these timescales or at this concentration. Exogenous AN at 50 µg ml-1 was sufficient to 
inhibit root elongation in A.annua seedlings when exposed as a component of their 
growth media and changes were evident over the course of 10 days (Figure 3.6). Further 
experiments regarding the possible inhibition of ADS or CYP through AN exposure are 
on-going to further address this issue.   
 
Figure 2.8: Changes in gene expression with spraying of 50 µg ml-1 AN  in 70% ethanol 
relative to spraying with 70% ethanol controls. No significant differences were identified 
(n=4). 
Discussion 
Similar to some earlier accounts (Ferrerira and Janick, 1995), the highest levels of AN in 
the A. annua YU cultivar occurred during anthesis in flowers. Wang et al. (2004) had 
already shown that flowering was not a necessary factor for increasing the content of AN 
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in A. annua, so other aspects of this developmental phase change were investigated.  
Relative to vegetative plants, the responses of genes investigated in this study can be 
categorized into two broad groups based on the pattern of expression they exhibited 
during the transition to reproductive growth. The first group of non-AN specific genes 
(DXS, DXR, HMGR, and FPS) showed their peak expression in bud tissue followed by 
progressively lower expression in floral tissue with lowest expression in the leaf tissue. 
The latter showed little difference, if any, from the leaf tissue of vegetative plants. For 
non-AN specific genes, this was an expected response as large numbers of volatile 
terpenoids comprise the essential oils and fragrances that accompany the onset of 
flowering. 
FPS transcript levels are of particular interest because Chen et al. (2000a) showed that in 
transgenic A. annua expressing enhanced levels of FPS, AN levels also increased 2-3 
times above non-transgenic controls. However, in a separate study using an F4 transgenic 
that over-expressed FPS, Ma et al. (2008) did not observe significant increases in AN.  In 
this study, the increased transcript levels of FPS, highest during floral budding, precedes 
the peak of AN levels, which are highest at flowering. It appears here, that FPS is not 
responding as it does in the transgenic lines used by Chen et al., (2000a).  
The second group of AN-metabolite specific genes (ADS, CYP) seem to show a very 
different pattern of expression in which budding correlates with large decreases in 
transcripts in the leaf tissue while buds have comparatively high levels of these 
transcripts.  Given that prior reports showed large amounts of AN in flowers (Zhang et 
al., 2006), the increase in AN specific gene expression was expected in buds.  
Interestingly, transcript levels peak prior to the peak of AN content.  This suggests that 
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the large decrease for AN specific transcripts (ADS and CYP) in flowers could be related 
to mechanisms of control. For example, there might be a negative feedback loop in which 
AN production is regulated through repression of transcription of ADS or CYP. AN is 
known to be phytotoxic (Duke et al., 1987), so such a feedback mechanism would serve 
to limit the production of a toxic metabolite thereby explaining our data as an interplay 
between increasing transcript levels during budding leading to maximum production of 
AN during flowering, which inhibited further transcription at that stage. 
When examining the effects of decreasing transcript level, it is important to compare 
similar tissues across multiple time points. In this case, the decreases observed in the 
lower non-bolt leaves of both budding and flowering plants relative to vegetative plants 
correlated well with the relative amounts of DHAA observed in these tissues. If only leaf 
tissue is considered, transcript levels for CYP rank in order of decreasing abundance as 
VEG, LBB, LLB, LLF, and finally LBF. The levels of DHAA, a downstream product of 
CYP activity, followed an identical trend of decreasing abundance in those tissues. 
Generally, the level of ADS transcripts followed a similar trend.  
Conversely the levels of AN in those same tissues followed a surprisingly different trend, 
instead correlating quite well with the relative number of trichomes mm-2. Liu et al. 
(2009b) reported a correlation coefficient between density of glandular trichomes and AN 
content of 0.987; application of methyl jasmonate to plants doubled the trichome count 
and the AN concentration. Our results showed a similar close correlation for leafy tissue 
through budding. At full flower, however, this correlation disappeared. Thus, a situation 
in which downstream products AN and AB seem to be responsive to trichome density 
while their precursor molecules are possibly responsive to transcript abundance is 
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reasonable. Further evidence for this explanation can be derived from the fact that AN is 
phytotoxic and so a feedback mechanism acting on CYP and/or ADS expression may be 
limiting production of the relatively more polar AA and DHAA. However, the more 
hydrophobic AN and AB may be largely sequestered to glandular trichomes where their 
phytotoxic effects are limited and thus, their ability to affect transcription also may be 
limited. AN levels far below those measured in these tissues (≥ 50 µg ml-1) when present 
in the growth media are sufficient to inhibit ≥ 75% of root elongation in A. annua 
seedlings (Arsenault et al., 2010; Chapter 3).  Furthermore, while it has been shown that 
AN localizes predominantly if not entirely to the glandular trichomes, it is not entirely 
clear as to the precise location of AN sequestration within the trichomes themselves. Sy 
and Brown (2002) showed that DHAA may undergo spontaneous autooxidation in highly 
lipophillic environments, which lends support to the notion that the final conversion of 
DHAA to AN may occur within the subcuticular space of the glandular trichome. This 
space may also serve to partially sequester AN from the cells of the trichome.  In the 
above scenario, bursting of the outermost cuticular layer due to mechanical stress, or age 
would allow for AN to be released.  
In Arabidopsis the density of trichomes on epidermal tissues undergoes major changes 
with plant maturation and then again with the transition to reproductive growth (Chien 
and Sussex, 1996; Telfer et al., 1997). A similar pattern of change in trichome 
distribution may help explain the patterns of AN concentration observed in this YU 
cultivar.  Although trichome counts have been reported for A. annua, data were obtained 
only from the adaxial surface of leaves, and apparently only from plants in the vegetative 
phase of growth (Liu et al., 2009b; Lommen et al., 2006 ). Likewise, instead of 
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correlating trichome numbers to their neighboring epidermal pavement cell population, 
counts have been generally reported as trichomes per unit leaf area and range from 20-80 
trichomes mm-2, the number usually declining with leaf maturity (Lommen et al., 2006), 
though increasing with plant age (Lommen et al., 2006; Liu et al., 2009a). Additionally 
studies have typically focused on only the very youngest leaves on a given plant, which 
have the highest density of trichomes, and furthermore on only the adaxial surfaces. In 
contrast, we expanded on prior trichome studies with a more complete survey of trichome 
distribution in the context of whole plant development with regard to leaf position, 
developmental stage, and both adaxial and abaxial surface changes. Vegetative plants in 
our study showed similar trichome population dynamics for adaxial surfaces with 11.8 ± 
1.25 and 1.2 ± 0.2 (mean±SE) trichomes mm-2 for young vs. mature leaves, respectively.  
In addition, the numbers on the adaxial and abaxial surfaces were quite similar for a 
given leaf type. 
In this study trichome maturation from LLB LLF tissues could explain the increases in 
AN content as trichomes increase in size and density and subsequently allow for the 
conversion of DHAA or AA to AN or AB, respectively. As glandular trichomes mature, 
their fragility increases and eventually they burst; younger trichomes are more stable 
(Lommen et al., 2006). This phenomenon would help explain the decreases seen in the 
LBBLBF transition, both in transcript abundance and in AN levels (Figures 2.2 and 
2.5). The trichomes on the leafy bracts on budding plants are quite young, so they are 
able to accumulate and sequester AN effectively and thus putative feedback to CYP 
would be somewhat mitigated despite the high AN levels that were measured.  As these 
same leaves transition to the full flower stage, their trichomes begin to disappear, 
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possibly breaking and releasing their contents. Exogenous AN has the ability to inhibit 
primary root elongation in seedlings (Arsenault et al., 2010) meaning that it is capable of 
influencing intracellular processes even when presented extracellularly. Initial data 
relating to exogenous application of AN to leaf tissue, however, showed less drastic 
changes in transcriptional activity (Figure 2.8). The relatively low concentration of AN 
relative to the high localized concentration present in older trichomes may be partially 
responsible. The rupture or senescence of trichomes and release of AN or other possibly 
other downstream metabolites from the epicuticular trichome sack to the surrounding 
cells may still then account for the >100 fold decrease in CYP and ADS transcript levels 
measured at this stage (Figure 2.5).  
 Bud and flower tissues present a more complex scenario for AN production; 
transcripts for both ADS and CYP either increase (buds) or stay constant (flowers), 
relative to vegetative leaves. These floral tissues are quite different from the leaf tissue 
discussed above in that kinetic measurements of metabolites are more difficult to make 
because the tissue is fundamentally new and not, as example, a transition of leaf tissue 
from one stage to another. Thus, buds and flowers should be considered separately with 
regard to metabolite concentrations and to transcript levels. In this case, buds showed an 
increase in transcripts of ADS and CYP, as well as the early pathway genes, HMGR, FPS, 
DXR, and DXS. This response probably indicates a ramp-up in production of numerous 
terpenoid products that are key components of the essential oils often prevalent in floral 
tissues. Hence, with numerous terpenoid related enzymes now acting, it is possible that 
production of FPP becomes rate limiting due to a decrease in the pool of IPP available. 
Conversely in the leaf tissue, IPP concentrations may not be limiting and the action of 
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ADS and/or CYP may be the rate determining step. However, large amounts of AN do 
appear after flowers fully emerge concomitant with a 10 fold decrease in CYP and ADS 
relative to levels in floral buds. The increases in HMGR, DXR, and DXS observed in 
budding may not have been realized at the level of steady state protein and thus IPP may 
remain low at this stage. By the onset of full flower however, these enzymes have almost 
certainly been synthesized and have increased the cellular pools of IPP.  The increase in 
AN may be due to a “catch-up” effect of increasing FPP available for reactions with ADS 
and subsequently CYP leading to higher levels of DHAA and final conversion to AN. 
The subsequent lowering in CYP and ADS transcript levels at full flower is consistent 
with our hypothesis that AN acts to regulate its own biosynthesis at the level of these 
enzymes.   
A recent gene expression study in A. annua by Liu et al. (2009b) used a different A. 
annua cultivar, H050139.  Their work showed little to no change in CYP or FPS levels, 
whereas our study found large decreases in both transcript levels accompanying the 
transition from floral bud to full flower.  Although their results for DXR are similar to 
ours, Liu et al. (2009b) showed more ADS transcripts in flowering plants relative to 
budding plants than we observed.  The differences between their study and ours may be 
attributable to variations in clonal populations and the previously established existence of 
chemotypes within this species (Wallaart et al., 2000).  
The various chemotypes that exist in A. annua are most often distinguished by the 
metabolite balance between AN/DHAA and AB/AA (Wallaart et al., 2000). For example, 
similar to our results, Zhang et al. (2005) using the 001 strain of A. annua found that AN 
peaked at full bloom while AA content decreased during the transition from the 
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vegetative to reproductive stage. On the other hand, Ma et al. (2008) showed, using the 
same 001 strain, that peak levels of AN occurred more or less throughout the entire 
flowering stage from bolt initiation to full flower; AA dropped substantially as the bolt 
began to develop, but rose somewhat at full flower. The ratios of AN/DHAA and AB/AA 
in the Ma et al. (2008) study showed that as the wild type 001 strain transitioned from 
vegetative growth to full flower, the AN/DHAA ratio was similar to our results. The 
AB/AA ratio in the 001 strain, however, was stable and consistent, a result dissimilar to 
our study.   Their results and ours underscore the hypothesis that different clonal 
populations exist with variations in the temporal  and tissue distribution of these 
metabolites and that quite simply the debate over when the highest level of AN occurs 
may simply be due to clone selection, and to when and which tissues from the shoots are 
selected for extraction.  
One very interesting observation is that AN and AB, believed to be the terminal products 
of the pathway, generally increase throughout development; this is seen in the lower 
leaves and in the buds/flowers.  However, the bracts show a distinctly different pattern.  
In these tissues, AN, AB and DHAA concentrations are higher during budding than 
during flowering.  This leads to the obvious question of the fate of these compounds 
during that transition:  are they converted to other secondary metabolites, or are they 
transported to other tissues?  The decline in AN and AB, as well as the decline in ADS 
and CYP transcripts are likely related to collapsing trichome populations and should be 
the focus of future studies.  
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Conclusions 
This is the first report correlating transcription of six key genes involved in AN 
biosynthesis, artemisinic metabolite levels, and trichome populations with A. annua 
growth phase. Significantly, changes in trichome numbers correlated well with AN/AB 
content of for a given leaf type, i.e., lower leaves steadily increased the amount of 
AN/AB and simultaneously showed a steady increase in trichome number.  Precursor 
concentrations did not show this correlation.  Evidence is presented that supports a 
negative feedback loop of AN on its late pathway genes.  Otherwise, transcript levels do 
not correlate well with AN production, suggesting that control is not maintained through 
transcriptional control alone. 
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Chapter 3: Effects of Sugars on Artemisinin Production in Artemisia 
anna L.: Transcription and Metabolite Measurements 
PR Arsenault, DR Vail, KK. Wobbe  PJ Weathers, (2010) “Effect of Sugars on 
Artemisinin  Production in A. annua L.: Transcription and Metabolite Measurements”. 
Molecules. 15: 2302-2318 
 
 
 
We have, indeed, much the same position as an observer trying to gain an idea of 
the life of a household by careful scrutiny of the persons and material arriving or 
leaving the house; we keep accurate records of the foods and commodities left at 
the door and patiently examine the contents of the dust-bin and endeavour to 
deduce from such data the events occurring within the closed doors.  
       -Marjory Stephenson  
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Abstract 
 The biosynthesis of the valuable sesquiterpene anti-malarial, artemisinin, is known to 
respond to exogenous sugar concentrations. Here young Artemisia annua L. seedlings 
(strain YU) were used to measure the transcripts of six key genes in artemisinin 
biosynthesis in response to growth on sucrose, glucose, or fructose. The measured genes 
are: from the cytosolic arm of terpene biosynthesis, 3-hydroxy-3-methyl-glutaryl-CoA 
reductase (HMGR), farnesyl disphosphate (FPS); from the plastid arm of terpene 
biosynthesis, 1-deoxyxylulose-5-phosphate synthase (DXS), 1-deoxyxylulouse 5-
phosphate reductoisomerase (DXR); from the dedicated artemisinin pathway amorpha-
4,11-diene synthase (ADS), and the P450, CYP71AV1 (CYP). Changes in intracellular 
concentrations of artemisinin (AN) and its precursors, dihydroartemisinic acid (DHAA), 
artemisinic acid (AA), and arteannuin B (AB) were also measured in response to these 
three sugars. FPS, DXS, DXR, ADS and CYP transcript levels increased after growth in 
glucose, but not fructose. However, the specific patterns of these transcriptional changes 
over 14 days were very different. AN levels were significantly increased in glucose-fed 
seedlings, while levels in fructose-fed seedlings were inhibited; in both conditions this 
response was only observed for 2 days after which AN was undetectable until day 14. In 
contrast to AN, on day 1 AB levels doubled in seedlings grown in fructose compared to 
those grown in glucose. Results showed that transcript level was often negatively 
correlated with the observed metabolite concentrations. When seedlings were gown in 
increasing levels of AN, some evidence of a feedback mechanism emerged, but mainly in 
the inhibition of AA production. Together these results show the complex interplay of 
exogenous sugars on the biosynthesis of artemisinin in young A. annua seedlings.  
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Introduction  
Artemisinin combination therapy (ACT) is the most effective means of treating malaria 
(Bhattarai et al., 2007). Artemisinin (AN; Figure 1) is a sesquiterpene lactone that is 
produced by the plant Artemisia annua L. The plant has been part of traditional Chinese 
medicine for >2,000 years and used for a variety of ailments (Hsu, 2006). AN may also 
be an effective treatment for other health problems including those caused by 
cytomegalovirus, hepatitis B (Romero et al., 2005), schistosomiasis (Borrmann et al., 
2001), and a variety of neoplasms (Efferth, 2007).  Production in planta has been 
characteristically low and synthetic production is not yet economically feasible (Abdin et 
al., 2003). Various attempts at increasing production have yielded some positive results 
but because the control of AN biosynthesis in planta is largely not understood, regulation 
of this terpenoid still requires considerable investigation. To our knowledge this is the 
first report showing kinetic changes in transcription of the genes in the AN biosynthetic 
pathway in A. annua in response to sugars. 
AN, one of a diverse pool of secondary metabolites produced by A. annua, is produced 
by the glandular trichomes and sequestered in their epicuticular sacs (Bouwmeester et al., 
1999; Covello et al., 2007). AN is produced through the condensation and oxidation of 
three isopentenyl diphosphate (IPP) precursor molecules (Bouwmeester et al., 1999; 
Covello et al., 2007). IPP is formed via either the cytosolic MVA pathway or the plastidic 
MEP pathway and evidence suggests that both pathways may be able to supply the IPP 
necessary for AN production (Towler and Weathers, 2007). Indeed, it seems that transfer 
of IPP between the two pools may be a significant factor in the production of other 
isoprenoids (Laule et al., 2003; Hemmerlin et al., 2003; Wu et al., 2006). The 
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condensation of three IPP molecules catalyzed by FDP synthase (FPS) first produces 
farnesyl disphosphate (FDP); then a sesquiterpene cyclase, amorphadiene synthase 
(ADS), catalyzes the formation of amorpha-4,11-diene (Bouwmeester et al., 1999; Kim et 
al., 2006; Kim et al., 2008; Wallaart et al., 2001). A cytochrome P450, CYP71AV1 
(CYP), catalyzes the next three reactions: oxidation of amorpha-4,11-diene to artemisinic 
aldehyde and also to artemisinic acid (AA) (Teoh et al., 2006), which is then converted 
by a double-bond reductase (Dbr2) to dihydroartemisinic aldehyde, the presumed 
precursor to dihydroartemisinic acid (DHAA) (Zhang et al., 2008). The conversion of 
DHAA to AN has been shown to occur in vitro as a photo-oxidative reaction, though this 
may not necessarily be occurring in vivo (Brown and Sy, 2004). Whatever the 
mechanism, the reaction involves the addition of three oxygen atoms and the formation of 
the endoperoxide pharmacophore of AN (Mercer et al., 2007). How the activity of these 
enzymes is controlled and how each influences the levels of AN or its precursors is not 
entirely known.  
Numerous primary and secondary metabolites have been shown to be sugar responsive 
including products of the glyoxylate cycle (Graham et al., 1994), anthocyanins (Vitrac et 
al., 2000), and artemisinin (Wang and Weathers, 2007). In Vitis and more recently in 
Arabidopsis, a number of anthocyanin genes have been shown to be upregulated in 
response to sucrose (Gollop et al., 2002; Solfanelli et al., 2006). The mechanism whereby 
these changes occur, however, is not entirely known and likely combines several different 
routes. Sugars may be acting as signaling molecules in plants through their interaction 
with protein receptors or through downstream by-products of their catabolism. Among 
the known sugar signal transduction pathways, the best characterized is the hexokinase 
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dependent pathway, in which the phosphorylation of intracellular glucose limits its routes 
for metabolism and causes changes in gene transcription through the degradation of 
transcription factors (Rolland et al., 2006). A key example of this is the glucose 
dependant degradation of the EIN3 transcription factor that is mediated through 
hexokinase 1 (HXK1), making the presence of glucose antagonistic to the action of 
ethylene in Arabidopsis (Yanagisawa et al., 2003). There also exist certain disaccharide 
specific sensing mechanisms that, through the modulation of translation, play a role in 
sugar-specific metabolic processes (Hummel et al., 2009). 
It can be difficult to determine the direct effect of sugars since not only is there 
significant crosstalk in sugar signals, the action of invertases readily converts sucrose to 
its component monosaccharides, glucose and fructose, further confounding interpretation 
of much signaling pathway work (Rolland et al., 2006; Gibson et al., 2005). While it 
seems that in some cases sugars may perform their roles and modulate metabolism 
independently of one another, there are many more examples of various sugars acting 
synergistically or antagonistically with one another with diverse consequences of these 
interactions. For instance, in Arabidopsis sucrose has been shown to accelerate flowering 
(Roldan et al., 1999) while glucose has been shown to significantly delay flowering 
(Zhou et al., 1998). 
In A. annua sugars were shown to significantly alter the levels of AN production when 
seedlings were grown on equimolar carbon supplied in the form of either sucrose, 
glucose, or fructose (Wang and Weathers, 2007). Furthermore, when grown in sucrose-
free medium, AN  levels were directly proportional to glucose as the ratio of glucose to 
fructose was increased from 0 to 100%. Here we report that sugar composition not only 
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affects the levels of AN and its related metabolites but also the levels of AN specific gene 
expression. From these results it is becoming apparent that sugars function in AN 
biosynthesis not only as carbon sources but also as potential signals for the induction or 
repression of key AN biosynthetic genes. What is not clear is the mechanism whereby 
these changes in gene expression are acting to affect the level of AN related metabolites.  
Materials and Methods 
Seed Sterilization and Culture Conditions 
Seeds from the YU strain (cultivar YU, isolated from the former Yugoslavia, from Dr. 
Nancy Acton, Walter Reed Army Institute of Research, Silver Spring, MD) of Artemisia 
annua L. were used in all experiments. For experiments that provided individual sugars 
to plants, seeds were surface-sterilized and synchronously germinated according to the 
protocol developed by Wang and Weathers (2007). Seedlings were then inoculated in 
experimental media according to the protocol developed by Towler and Weathers (2007). 
Ten seedlings were placed in a 50 mL Erlenmeyer flask containing 5 mL autoclaved 
Gamborg’s B5 medium (Gamborg et al., 1968) at pH 5.7 to which filter-sterilized 3% 
(w/v) sucrose, glucose, or fructose was added. The flasks were placed on a rotary shaker 
at 100 rpm under continuous cool-white fluorescent light. Samples were harvested after 
1, 2, 3, 4, 7, and 14 days of incubation. Three replicates (30 seedlings per replicate) were 
harvested at each time point for each sugar treatment. 
In the case of artemisinin exposure, seedlings were sterilized as above and germinated to 
the two cotyledon stage. Germinated seedlings were placed into B5 media with 3% 
sucrose and augmented with 0-200 µg mL-1 AN. Due to solubility issues, AN was first 
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dissolved in 70% ethanol before being serial diluted and added to media. The final 
concentration of ethanol in each flask was 0.35% and this amount was also added to 
controls. After 10 days growth under continuous light, seedlings were harvested, root 
lengths measured, and shoot tissues (cotyledons and true leaves) were extracted for 
artemisininc metabolite analyses. It was necessary to wait 10 days in order to obtain 
adequate amounts of shoot tissues for extraction. 
RNA Isolation and Real-Time RT-PCR 
Methods are briefly described here, but can be found in more detail in Mannan et al. 
(2010; Chapter 4). After harvest, plant samples were immediately flash frozen in liquid 
nitrogen, ground, and RNA extracted and purified for reverse transcription to cDNA. 
Analysis was by real-time PCR using primers listed in Table 2.1 for the seven target 
genes: 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGR) from the cytosolic 
mevalonic acid dependant IPP pathway, 1-deoxyxylulose 5- phosphate synthase (DXS) 
and 1-deoxyxylulouse 5-phosphate reductoisomerase (DXR) from the plastidic 
mevalonate independent IPP pathway, and farnesyl diphosphate (FPS), amorpha-4,11-
diene synthase (ADS), and the P450 cytochrome , CYP71AV1 (CYP); the 18S ribosomal 
small subunit gene was used as a normalizing factor. Primers were designed with 
PrimerSelect (Lasergene, DNAStar, Inc) using cDNA sequences specific for Artemisia 
annua available at NCBI. Relative fold changes in gene expression were calculated based 
on the 2-ΔΔCT comparative method (Livak et al., 2001; Sehringer et al., 2005; Cikos et al., 
2007). 
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Artemisinin and Artemisinic Precursor Quantification 
Using freshly harvested tissues, AN and its metabolites, AA, AB and DHAA, were 
extracted and measured by LC/MS as described in Mannan et al. (2010).  
Statistical Analysis 
All experiments were run in triplicate and fold change values were expressed as the mean 
± SD. Results were averaged and compared against controls to determine statistical 
differences. Statistical analyses of real-time PCR data were performed using the non-
parametric Mann-Whitney U test (Yuan et al., 2006). Statistically significant results are 
those with a P-value less than or equal to 0.05. 
Results and Discussion 
Changes in Relative Gene Expression 
To determine if sugars were affecting the transcription of genes in the artemisinic 
biosynthetic pathways, we used Real-Time PCR to measure the relative transcript levels 
of the following genes: HMGR DXS, DXR, FPS, ADS, and CYP. Similar to methods 
used in sugar signaling studies in Arabidopsis, transcript levels were measured in 
seedlings grown in all three sugars with equimolar amounts of carbon. Then the 
responses in glucose and fructose were compared to transcript levels from seedlings 
grown in sucrose.  
The early pathway genes, HMGR and FPS, showed differences in expression soon after 
exposure to the test sugar (Figure 3.1A). Compared to those fed sucrose, seedlings that 
were fed glucose or fructose showed only a slight stimulation in HMGR transcripts after 
1 day (3.5 and 2.5 fold, respectively) (Figure 3.1B). In contrast to growth in fructose, FPS 
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transcript levels in glucose-fed seedlings were more than 8 fold greater than in sucrose-
fed seedlings at day 1 (Figure 3.1B). 
A. 
 
B. 
 
Figure 3.1: (A) Changes in HMGR and FPS in A. annua seedlings grown 14 days in 
glucose, fructose, or sucrose relative to day zero. (B) Relative response of HMGR and 
FPS in A. annua seedlings grown in glucose or fructose and compared to growth in 
sucrose. Bars are ± SD. 
Both FPS and HMGR transcript levels declined in both glucose and fructose-fed 
seedlings by day 3, and by day 14 mRNA levels were identical regardless of sugar 
composition (Figure 3.1B).  
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A. 
 
B. 
 
Figure 3.2: (A) Changes in DXS and DXR in A. annua seedlings grown 14 days in 
glucose, fructose, or sucrose relative to day zero. (B) Relative response of DXS and DXR 
in A. annua seedlings grown in glucose or fructose and compared to growth in sucrose. 
Bars are ± SD. 
 
Glucose also stimulated both DXS and DXR from the MEP pathway (Figure 3.2A). 
Compared to transcript levels at inoculation (day 0), DXS and DXR increased 
approximately 5 and 7 fold, respectively, in seedlings fed glucose for one day. While the 
level of DXS increased further at day 2, the level of DXR transcripts dropped by 50%. 
After 2 days DXS transcripts also declined and remained low. On the other hand, DXR 
0.0
2.0
4.0
6.0
8.0
10.0
12.0
14.0
16.0
18.0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Days after treatment
Fo
ld
 c
ha
ng
e
Sucrose
Glucose
Fructose
0.0
2.0
4.0
6.0
8.0
10.0
12.0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Days after treatment
Fo
ld
 c
ha
ng
e
Sucrose
Glucose
Fructose
0.0
2.0
4.0
6.0
8.0
10.0
12.0
14.0
1 2 3 4 7 14
Days after treatment
Fo
ld
 c
ha
ng
e
Glucose
Fructose
0.0
2.0
4.0
6.0
8.0
10.0
12.0
1 2 3 4 7 14
Days after treatment
Fo
ld
 c
ha
ng
e
Glucose
Fructose
DXS 
DXS DXR 
DXR 
68 
 
transcripts rose again on Day 3 to about 6 fold greater than at inoculation (Figure 3.2A), 
but then declined, remaining steady at 3 fold greater than day 0 until harvest at day 14.  
Compared to growth in sucrose, only glucose-fed seedlings showed significant responses 
in their DXS and DXR transcript levels (Figure 3.2B), essentially paralleling the data 
relative to day zero. Fructose-fed seedlings, however, showed no significant changes in 
either DXS or DXR transcript levels when compared to seedlings fed sucrose (Figure 
3.2B).  
In contrast to the other 4 genes, both ADS and CYP responded quite differently to the 
three sugars tested (Figure 3.3A). While both showed increases in steady state levels of 
mRNAs over the time course of the experiment, glucose-fed seedlings showed greater 
increase in ADS and CYP transcripts than did either sucrose or fructose-fed seedlings.  
This increase was especially prevalent for ADS at days 4-14 when levels in glucose-fed 
seedlings were as much as 7 fold higher than in seedlings grown in fructose, and triple 
that of seedlings grown in sucrose. Relative to day 0, ADS expression levels in glucose-
grown seedlings increased rather steadily from day 0 to day 7 reaching nearly a 40-fold 
increase when harvested at day 14 (Figure 3.3A). ADS increases in fructose and sucrose- 
fed seedlings were less dramatic, but each still showed a significant 10-fold increase at 
day 14 when compared to day 0.  
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A. 
 
B. 
  
Figure 3.3: (A) Changes in ADS and CYP in A. annua seedlings grown 14 days in 
glucose, fructose, or sucrose relative to day zero. (B) Relative response of ADS and CYP 
in A. annua seedlings grown in glucose or fructose and compared to growth in sucrose. 
Bars are ± SD. 
 
The CYP mRNA levels were more variable (Figure 3.3A). Again, maximum expression 
was seen in glucose-fed seedlings, but in contrast to the steady increase observed for 
ADS, there appeared to be a biphasic expression pattern, with peaks at day 2 (20x) and 
day 7 (25x). Although far less prominent, this biphasic behavior also seemed to appear in 
the data from fructose-fed seedlings (Figure 3.3A).  
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Compared to the sucrose-fed seedlings, only glucose-fed seedlings showed any 
significant changes in ADS and CYP (Figure 4B). The level of ADS transcripts steadily 
increased to about 3 fold that of sucrose, while CYP transcript levels showed two peaks 
at days 2 and 7 (Figure 3.3B). 
Changes in Artemisinic Metabolite Levels 
The amounts of artemisinin and the artemisinic metabolites, AA, AB, and DHAA, were 
also analyzed in these same tissues. DHAA is thought to be a direct precursor of AN, 
while AA and AB are also formed from the product of the ADS gene, but apparently 
through a distinct pathway (Figure 1.2). All are products that appear after CYP in the 
biosynthetic pathway, so their presence depends on all the genes tested.  
There is significantly more AA and AB than either AN or DHAA indicating that this 
particular cultivar (YU, Yugoslavian origin) of A. annua is the AA/AB and not the 
AN/DHAA chemotype (Figures 3.4 and 3.5).  
  
Figure 3.4: AN and DHAA levels in A. annua seedlings grown 14 days in glucose, 
fructose, or sucrose. Bars are SE (n=4). 
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In contrast to the mRNA transcript data, there was a general decline between day 1 and 
day 7 for AA, AB and DHAA regardless of the carbon source in the medium (Figures 3.4 
and 3.5). At day 14, however, there was a different outcome; in both glucose and sucrose-
fed seedlings, these compounds showed an increase, which was strongest for sucrose 
media. In fructose-fed seedlings, however, there was no significant increase in any of 
these compounds at day 14.  
AN levels showed a very different pattern of production compared to the other 
metabolites and, interestingly, were also reduced to levels below the limits of detection 
from days 3 through 7 suggesting that as the seedlings begin to develop true leaves, AN 
may be further metabolized (Figure 3.4). Consistent with early cytosolic and plastidic 
terpenoid pathway gene expression data, glucose stimulated increases in AN yield at day 
1 and 2. Compared to those fed fructose, seedlings fed glucose produced about 8 fold 
more AN at day 2. However, by day 14 there was no difference in AN yields between 
glucose and sucrose-grown plants; AN from fructose-fed seedlings was undetectable  
(Figure 3.4).  
Consistent with its role as an AN precursor, DHAA levels declined in glucose fed-
seedlings between day 1 and 2 as AN increased (Figure 3.4). At day 14, however both 
DHAA and AN were at approximately the same level. In contrast, in fructose-fed 
seedlings DHAA steadily declined in concentration and the AN concentration dropped 
rapidly to undetectable levels, consistent with an inhibitory effect of fructose on AN 
biosynthesis. Although AA is the apparent precursor to AB, AA does not show expected 
precursor kinetic patterns (Figure 3.5). In glucose-grown seedlings, both AA and AB 
declined, until day 14 where AA decreased in concentration about as much as AB 
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increased. In fructose-fed seedlings, however, the AA concentration remained much 
higher than that of AB, which plummeted to a low level soon after transfer into fructose 
and remained at a low level until harvest (Figure 3.5). 
 
Figure 3.5. AA and AB levels in A. annua seedlings grown 14 days in glucose, fructose, 
or sucrose. Bars are SE (n=4). 
 
Response of Seedlings to Exogenous AN 
To determine if there is a possible feed-back mechanism in response to exogenous AN, it 
was added to the culture medium to determine its effect on growth and metabolite 
concentrations of young seedlings. When increasing concentrations of AN were added to 
seedlings, root elongation was inhibited and was dose dependant (Figure 3.6). Seedlings 
treated with high concentrations of AN (200 µg mL-1) showed an 8 fold reduction in the 
mean length of their primary roots after 10 days of exposure (Figure 3.6). Even seedlings 
grown in relatively low concentrations (1 µg mL-1) showed >40% reduction in mean root 
length. When the concentrations of AN and AN related metabolites were measured in the 
leaves and cotyledons of seedlings incubated in AN, after 10 days, AN was detectable in 
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all tissues at levels similar to untreated controls, however it was not clear if AN was 
produced endogenously. More interestingly, at concentrations ≥50 µg mL-1 AN, 
endogenous levels of AA fell to below detectable limits. These preliminary results 
suggest that AN may be acting to regulate the levels of AA as part of a putative feedback 
loop. 
 
Figure 3.6: Root growth of A. annua seedlings grown in different concentrations of 
artemisinin. Letters indicate statistical differences at p ≤ 0.05 (via ANOVA/Tukey HSD). 
 
Correlation Between Transcript and Metabolite Levels  
Our results clearly show differential responses in both transcript level and artemisinic 
metabolite abundance in response to exogenous sugar composition. The most intriguing 
results are in relation to both ADS and CYP transcript abundance. These two genes 
represent committed steps towards the measured artemisinic metabolites. Although there 
are no direct correlations between the transcript levels of these two genes and metabolite 
abundance, they are both upregulated by glucose, and repressed by fructose. Thus, the 
data suggest that the interplay between transcript abundance and product formation is 
more complicated than previously hypothesized. 
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In examining ADS transcript abundance in relation to the sum totals of all artemisinic 
metabolites measured, we observe what may be a negative correlation. This may be 
indicative of a feedback mechanism that is attempting to regulate the levels of artemisinic 
metabolites in the plant. Since AN is phytotoxic even to A. annua (Duke et al., 1998), it is 
not surprising that mechanisms would exist to control its production, especially in young 
seedlings. Indeed, A. annua seedlings do not grow well when AN levels is added to the 
culture medium (Figure 3.6) and the production of at least one artemisinic metabolite 
(AA) appears also to be inhibited (data not shown).  
The results in this study suggest that fructose may be the specific signal that causes 
changes in transcript levels of ADS and CYP. When seedlings are exposed to sucrose, the 
sugar is inverted yielding an equivalent molecule each of glucose and fructose, thus only 
the glucose medium is actually free of fructose. Given that sucrose and fructose rarely 
caused major increases in expression level, it seems plausible that a fructose sensing 
mechanism may be working to repress the expression of these late pathway genes, for 
example, by action of a fructokinase or by a perturbation of the sucrose synthase 
pathway. Although glucose significantly stimulated transcript levels of both ADS and 
CYP, the differences observed in metabolite levels between sucrose and glucose were 
relatively minimal. This suggests that the level of fructose may be the more important 
determinant of observed metabolite levels. Concentrations of both AB and AN are rather 
rapidly and greatly reduced after seedlings are fed fructose, so inhibition of these 
pathways by fructose is plausible. An alternative hypothesis is that fructose stimulates the 
conversion of AN and AB to something else. 
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An earlier study by Wang and Weathers (2007) showed that an increase in the ratio of 
glucose to fructose is reflected by a corresponding and proportional increase in AN yield. 
The relative amounts of AN we observed at the end of the 14 day growth period are, 
however, different from those reported earlier for the YU strain (Wang and Weathers, 
2007), which showed a 200% increase in AN levels in glucose compared to fructose and 
sucrose in similarly grown seedlings. These differences may be due to culture in liquid 
vs. in semi-solid media, or to differences in tissue extraction methods. In this study AN is 
extracted from fresh tissue instead of from dried tissue, the method used by Wang and 
Weathers (2007). Drying A. annua prior to extraction of AN significantly increases the 
amount of AN extracted from the tissues (Laughlin et al., 2002), so it is not possible to 
compare directly the AN measured using the two different methods. Furthermore, use of 
fresh tissue extracts provides a more valid comparison of pathway metabolites with gene 
transcripts levels as both are measured in real time.  
Although the data suggest that fructose is acting as the primary signal molecule for a 
transcriptional response, glucose in particular seems to cause increases in many of the 
gene transcripts in the biosynthetic pathway leading to AN. Therefore an alternative 
explanation for increased biosynthesis of this particular secondary metabolite in response 
to glucose may be that AN and AB are formed as DHAA and AA, respectively, and act 
as sinks for reactive oxygen species (ROS), specifically singlet oxygen (Wallaart et al., 
2000). AN has five oxygens in its molecular structure (Figure 2.1) including two that 
comprise the therapeutically important endoperoxide bridge (Mercer et al., 2007). The 
last steps in the biosynthesis of AN are considered to be photooxygenic, involving the 
spontaneous reaction of DHAA with singlet oxygen, a reaction identical to the 
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photooxidation of polyunsaturated fatty acids (Wallaart et al., 1999). This step effectively 
sequesters singlet oxygen in the AN structure and the plant then stores the ROS-AN in its 
trichomes. Experimental data from Kim et al. (2001) provided evidence for a possible 
connection between oxygen and AN. They showed that highly aerated hairy root cultures 
of A. annua produced significantly more AN than poorly aerated cultures (Kim et al., 
2001).  
ROS are cytotoxic to cells, and singlet oxygen in particular, may act as an apoptogenic 
signal in plant cells; therefore, it is important that accumulation of these toxic molecules 
be minimized (op den Camp et al., 2003; Wagner et al., 2004). Soluble sugars and 
glucose in particular, through their metabolism, are sources of oxidative stress and plants 
have developed many evolutionary mechanisms to protect themselves from ROS (Mittler 
et al., 2004; Couee et al., 2006). It has been proposed that DHAA and AA may act as 
ROS sinks, and in this study modulation of the cellular redox environment by sugars may 
help to explain the observed changes in AN and AB levels. This hypothesis is further 
supported by our recent study where the AN concentration in A. annua tissues was 
significantly reduced in the presence of a ROS scavenger, ascorbic acid (Mannan et al. 
2010). The difference in response to sucrose, glucose and fructose may be related to 
specific sugar signaling pathways and the relative abundance of each constituent 
monosaccharide.  
A primary source of ROS in plants is photosynthesis, which is intimately involved with 
sugar metabolism of the plant (Apel and Hirt, 2004; Asada, 1999). In addition, 
intracellular sugar composition has been shown to alter starch production rates and 
cellular redox states (Kolbe et al., 2005). Thus, changes in ROS and anti-oxidant 
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compounds with sugar composition would be expected here as well. It is also worthwhile 
to note that while AN metabolite levels steadily declined over the first 7 days in sucrose 
and glucose-fed seedlings, these both showed increases by day 14 while fructose-fed 
seedlings showed a decrease. Between 7 and 14 days, when transcript levels remained 
relatively stable, we may be observing the onset of photosynthetic activity or other major 
developmental changes occurring over the two weeks of seedling development. If the 
proposed role for AN as an oxygen sink is correct, then AN content should increase with 
an increased rate of photosynthesis, a major source of singlet oxygen and other ROS. We 
would expect significant sugar depletion in the medium by day 14; by this time true 
leaves are fully emerged, and the plants are likely deriving more of their metabolic 
carbon from the reduction of CO2 rather than from sugars in the medium. In plants grown 
in sucrose or glucose, AN content does increase during this time, which is consistent with 
this hypothesis. 
Early cytosolic and plastidic pathway gene transcript levels seem to show little to no 
correlation to artemisinin precursor levels. At early time points, however, these do seem 
to correlate with relative AN levels. In the case of HMGR, when compared to sucrose-fed 
seedlings, both fructose and glucose cause an initial increase in transcript levels. This 
pattern of transcript levels is consistent with a possible sucrose specific, down-regulation 
of expression that is rapidly mitigated by the extracellular inversion of sucrose to glucose 
and fructose. The pattern of expression observed for FPS, DXS, and DXR, on the other 
hand, differed from HMGR in that differences between fructose and sucrose were 
minimal while the effects of glucose resulted in about an eight fold up-regulation in 
expression on day 1 (day 2 in the case of DXS). The patterns of expression observed for 
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FPS, DXR, and DXS correlate most closely with AN production, while the AN specific 
genes show far less correlation, suggesting that, in seedlings, control of AN production 
via these later enzymes is not at the level of transcript abundance.  
In the case of FPS, these results appear consistent with other work indicating that A. 
annua plants expressing an additional copy of the FPS gene showed 3-4 fold higher 
levels of AN than their wild type counterparts (Chen et al., 2000). Another study by Ma 
et al. (2008), however, contradicted this conclusion. Their FPS over expressing F4 strain 
of A. annua produced less AN than the nontransgenic 001 line.  
After day 2, early pathway genes (HMGR, DXS, DXR, FPS) showed no significant 
differences in response to different sugars suggesting that sugar composition is not 
responsible for the transcriptional regulation of these genes later in development and that 
the level of transcriptional activation of these genes may have little to do with the levels 
of production of artemisinic metabolites. Indeed, the differences observed at early time 
points may simply be due to the movement from a sugar free medium to one of our 
experimental conditions. After the plants adjust to the difference they return to steady 
state levels of expression, indicating that the difference in transcript levels of the early 
pathway genes is in fact due to specific experimental conditions. The marked response in 
late pathway genes (ADS, CYP) further demonstrates the complex patterns of signaling 
interactions and highlights challenges inherent with measuring responses to sugars that 
may act as both signal and substrate molecule. 
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Conclusions  
This is the first study to show that sugars play a role in the accumulation of AN related 
gene transcripts and in the production of artemisinic precursor molecules. While sugar 
composition clearly has profound effects on the transcript level of numerous key genes, 
how modulation of these transcript levels is integrated into the greater model of control of 
AN production is not clear. Also presented is preliminary evidence suggesting that AN 
may be acting as an inhibitor of its own biosynthesis. Clearly the role of sugars in AN 
production is complex and untangling it from confounding factors of growth and 
development is a challenge that remains.  However, we have clearly shown that at least in 
A. annua seedlings, cues from sugars can have dramatic effects on the biosynthesis of 
AN. Plant growth and metabolism are in constant flux with respect to sugars and these 
data could prove useful in furthering our fundamental understanding of the regulation of 
not only AN, but also other terpenes in planta. 
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Chapter 4: DMSO triggers the generation of ROS leading to an 
increase in artemisinin and dihydroartemisinic acid in Artemisia 
annua  shoot cultures 
A Mannan, C Liu, PR Arsenault, MJ Towler, DR Vail, A Lorence  PJ Weathers (2009) 
“DMSO triggers the generation of ROS leading to an increase in Artemisinin  and 
Dihydroartemisinic acid  in A. annua shoot cultures.” Plant Cell Reports. 29: 143-152 
 
 
Deviner avant de démontrer! Ai-je besoin de rappeler que c'est ainsi que se sont 
faites toutes les découvertes importantes.1
       -Henri Poincaré 
 
 
  
                                                 
1 Guessing before proving. Must I remind you that this is how all important discoveries have been made. 
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Abstract: 
The antimalarial sesquiterpene, AN, is in short supply, demand is not being met,  and the 
role of AN in the plant is not well established. Prior work showed that addition of 
dimethyl sulfoxide (DMSO) increased AN in shoots and this investigation pursued that 
further. When in vitro cultured A. annua rooted shoots were fed different amounts of 
DMSO (0-2.0% v/v), AN levels doubled and showed biphasic optima at 0.25 and 2.0% 
DMSO. Both AN and its precursor, DHAA, increased, with the former continuing 7 days 
after DMSO treatment.  There was no stimulation of AN production in DMSO-treated 
unrooted shoots. The first gene in the AN biosynthetic pathway, amorphadiene synthase 
(ADS), showed no increase in transcript level in response to DMSO compared to controls. 
In contrast the second gene in the pathway, CYP71AV1 did respond to DMSO but at a 
level of transcripts inverse to AN levels. When rooted shoots were stained for the reactive 
oxygen species (ROS), H2O2, ROS increased with increasing DMSO concentration; 
unrooted shoots produced no ROS in response to DMSO.  Both the increases in DMSO-
induced ROS response and corresponding AN levels were inhibited by addition of 
vitamin C. Together these data show that at least in response to DMSO, AN production 
and ROS increase and that when ROS are reduced, so also is AN suggesting that ROS 
may play a role in AN production in A. annua. 
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Introduction 
“Why does the plant make AN?” This frequently asked teleological question usually 
elicits an explanation suggesting defense against pathogens. Indeed AN (Figure 1.2), a 
potent antimalarial therapeutic, has considerable activity against many pathogens 
including viruses (Efferth, 2006; Romero et al., 2005), parasites other than Pasmodium 
sp.  (Jones-Brando et al., 2006; Utzinger et al., 2001; Merali and Meshnick, 1991), and 
even cancer tumor lines (de Vries and Dien, 1996; Nam et al., 2007; Singh and Lai 2004). 
However, its role in the plant, A. annua, is rather circumspect. Here we present evidence 
suggesting that it may be acting to some degree as a sink for reactive oxygen species 
(ROS). 
Although AN and its derivatives are the drugs of choice to treat malaria, supply is 
desperately short and there has been considerable effort to increase production not only in 
planta, but also by heterologous means (reviewed by Arsenault et al., 2008). Towards 
that goal we recently reported that addition of dimethyl sulfoxide, DMSO, to the roots of 
young axenic seedlings significantly increased AN production in the shoots of A. annua 
(Towler and Weathers, 2007).  
AN is produced in shoots, sequestered to trichomes, and often reported at its highest level 
in association with flowering (Arsenault et al., 2008; Duke and Paul, 1993; Ferreira and 
Janick, 1995). However, despite the absence of AN and its precursors (e.g. AA ) in the 
roots of A. annua (Ferreira and Janick, 1996), this organ plays a key role in production of 
the terpene. Indeed it has been shown, and we confirmed here, that A. annua rooted 
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shoots produce significantly more AN than shoots lacking roots (Ferreira and Janick, 
1996). It is not known, however, how the roots influence production of AN in the shoots. 
AN is a sesquiterpene lactone that contains five oxygen molecules and is rather unique in 
its structure (Figure 1.2). Although sesquiterpenes are in the end synthesized in the 
cytosol, we have shown through inhibitor studies, and others have verified with isotopic 
labeling, that this sesquiterpene uses  5 carbon prenyl building blocks originating from 
both the cytosolic and the plastidic terpene pathways (Towler and Weathers, 2007; 
Schramek et al., 2010). Once farnesyl diphosphate is formed, it becomes committed to 
the AN pathway when it undergoes cyclization via amorphadiene synthase (ADS) to form 
amorpha-4,11-diene (Figure 1.2). Amorpha-4,11-diene is then converted in planta via 
two additional steps catalyzed by a cytochrome P450, CYP (CYP), to artemisinic 
aldehyde. Subsequent steps to AN have only recently had their enzymes isolated and 
mainly lead to DHAA  (Teoh et al., 2006, 2009; Zhang et al., 2008, 2009), with an 
alternative route leading instead to AA  and AB. The prevalence of one pathway vs. the 
other seems to determine various chemotypes of the plant (Figure 1.2; Wallaart et al., 
2000). The final step from DHAA  to AN  appears to involve a non-enzymatic photo-
oxidative step to add the final 3 oxygen atoms to the molecule (Figure 1.2; Wallaart et al., 
1999; Sy and Brown, 2004). 
In plants DMSO has been reported in different species to both stimulate and inhibit 
protoplast division (Carswell et al., 1989), stimulate cation uptake in bean (Bajaj et al., 
1970; Schmid, 1968), and elicit sesquiterpene production in Tessaria absinthioides cells 
(Kurina-Sanz et al., 2000) which can be synergistically increased in the presence of 
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CuSO4 (Hernandez et al., 2005). In contrast Bozom et al., (1998) showed DMSO 
decreased alkaloid accumulation in Catharanthus roseus. In animal cells, DMSO has 
been shown to have a myriad of activities including as an anti-inflammatory agent, a 
ROS scavenger, a modulator of cytokine activation, and a histone deacetylase inhibitor 
(Marks and Breslow, 2007; also see review by Santos et al., 2003). DMSO is also 
reported to affect transcription, however, the mechanism(s) of action of DMSO in cells is 
not clear (Chen and Zhang, 2005). 
DMSO is a compound produced by marine and possibly other microbial species (Simó et 
al., 2000; Chen et al., 2000). Of particular interest here is that DMSO can act as both an 
oxidizing and a reducing agent, where it is reduced to dimethyl sulfide or oxidized to 
dimethyl sulfone, respectively; DMSO can also associate with unshared electron pairs of 
oxygen in alcohols (Kharasch and Thyagarajan, 1983). Indeed DMSO can act as a 
“radical trap” functioning as an intermediate in radical transfer, especially of hydroxyl 
radicals, and at modest concentrations it appears to promote peroxidation (Kharasch and 
Thyagarajan, 1983). Here we describe results that show DMSO along with reactive 
oxygen and vitamin C may be playing a role in the production of AN in A. annua.  
Materials and Methods 
Clone and Culture Conditions 
Two grams (FW/flasks) of 14-21 day old, 1-2 cm tall shoots from cultures of A. annua [a 
Chinese (CH) variety, line PEG01, seeds a gift of CZ Liu] maintained on shooting 
medium [MS medium (Murashige and Skoog, 1962) Phytotechnology Laboratories, cat # 
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M404] containing 30 g L-1 D-sucrose (Phytotechnology cat # S391), 2.4 µM 
benzylaminopurine HCl (Sigma cat # B5920), 0.25 µM naphthaleneacetic acid (Sigma 
cat # N0640) and 5 g L-1  agar gel (Sigma cat # A3301)] were inoculated into 250 mL 
Erlenmeyer flasks containing 15 mL liquid rooting medium (½ MS medium) with 20 g L-
1  D-sucrose, pH 5.8 and placed on an orbital shaker at 90 rpm, at 24 µmol m-2 sec-1  cool 
white fluorescent light on a 16:8 hr photoperiod for 14 days at about 25°C. Roots usually 
appeared about 8 days after transfer to rooting medium. 
DMSO Additions to Cultures. 
The effect of DMSO concentration and exposure time was tested using rooted shoot 
cultures. To measure the optimum concentration of DMSO on 14 day rooted cultures, the 
old liquid rooting medium was poured out, plantlets were washed 3 times with sterile 
distilled water, and 15 mL of freshly prepared ½MS liquid rooting media was added with 
increasing concentrations of DMSO (0% control, 0.1%, 0.25%, 0.5%, 1.0% and 2.0% 
v/v) fed to the roots of the A. annua plantlets. Flasks were placed again on an orbital 
shaker at 90 rpm for another 7 days under the same growth conditions. Plantlets were 
harvested after 7 days in DMSO (21 days from shoot inoculation) and FW of shoots and 
roots were taken. DW was measured after tissues were dried in an oven at 60°C for 3 
days. AN was extracted from dried shoot material and measured (µg g-1 shoot DW) by 
HPLC using the method of Towler and Weathers (2007).   
To measure the kinetics of the optimum DMSO concentration on AN production, shoots 
were inoculated, rooted, and grown as described above and fresh medium with 0 (control) 
or 0.25% (v/v) DMSO was fed to the roots of A. annua plantlets. Flasks containing the 
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rooted shoots were placed on the orbital shaker at 90 rpm and harvested at 0, 1, 2, 3, 5, 
and 7 days post DMSO treatment along with corresponding controls. Plantlets were 
separated into roots and shoots and FW was taken. Shoots were immediately extracted 
and assayed for AN and 3 other intermediary metabolites (AA, AB, and DHAA) in this 
case using liquid chromatography coupled to mass spectrometry (LC/MS). There were 4 
replicates for each condition.  
LC/MS Analysis of Artemisinic Metabolites 
A. annua ground in liquid nitrogen (0.5g) was extracted by sonication in toluene 
following the protocol of Towler and Weathers (2007). Extracts were semi-purified by 
flash chromatography through silica gel (60Å, 220-440 mesh) before being dried under a 
stream of nitrogen and resuspended in acetonitrile. Samples were separated using a high 
pressure binary gradient system (Agilent) using a flow rate of 400 µL min-1, a Zorbax 
SB-C18 column (Agilent) (30 x 4.5 mm, 1.6 μm) with the following solvents: A: 5 mM 
ammonium formate and B: 95% acetonitrile with 5 mM ammonium formate. Gradient 
elution was linear over 25 min beginning with 95% solvent A and 5% solvent B, and 
ending with 100% solvent B, followed by an equilibration time of 5 min in the beginning 
gradient solvent mixture. The mass spectrometer was set to detect each metabolite in SIM 
scan mode following AP-ESI.  Relevant metabolites were identified via their retention 
times and mass spectra as compared to external standards (AN, Sigma Chemical, St. 
Louis MO; AA, Apin Chemical, Abingdon UK; AB, Walter Reed Army Research 
Institute, Silver Spring MD); DHAA, (synthesized by K. Erickson). Quantification was 
done based on a standard curve of peak areas.  
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ROS Assay and Vitamin C Counter Effect 
Two grams FW of 14-21 day old, 1-2 cm tall shoot cultures of A. annua were inoculated 
into 250 mL Erlenmeyer flasks containing 15 mL rooting medium (see above) and placed 
on an orbital shaker as previously described. At day 14 the medium was replenished with 
0% or 2% (v/v) DMSO rooting medium. After 24 hr. incubation in DMSO, the 4th-7th 
leaves from the shoot apical meristem (SAM) of each plantlet were harvested and stained 
for ROS following the modified procedure of Thordal-Christensen et al. (1997). Leaves 
were placed in a solution of 1 mg mL-1  (4.57 mM) 3, 3’-diaminobenzidine-HCl (DAB, 
Sigma, cat #D-8001), pH 3.8 (a low pH is necessary in order to solubilize DAB) and 
incubated in the dark at 25°C for 7 hr.. To visualize the ROS stain, leaf chlorophyll was 
bleached by submersion in 96% (v/v) boiling ethanol for 5 minutes. DAB is specific for 
H2O2, which was visualized in the leaves as reddish brown spots under a light 
microscope. A 7 hr incubation time in DAB was determined to be optimum for 
visualizing H2O2 stain. 
To determine how DMSO affects ROS and whether vitamin C (L-ascorbic acid, AsA) 
alters that response, rooted 14 day old plantlets were treated with 0%, 0.25%, 0.5% and 
2% (v/v) DMSO for 24 hr. as previously described. The 4th-7th leaves were again 
harvested and placed in DAB for 7 hr., chlorophyll beached out, and the leaves observed 
using light microscopy. In a second set of experiments, 14 day old rooted shoots were 
exposed to 0 or 2% (v/v) DMSO, so chosen because there was a better visual ROS 
response than at lower concentrations. After 24 hr., leaves of both treatments were 
harvested as described above, placed in DAB having 0, 10 or 20 mM AsA incubated for 7 
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hr., chlorophyll bleached, and then visualized using light microscopy. Both 10 and 20 
mM AsA in DAB had almost the same effect in reducing ROS response so 10 mM AsA 
was selected for further analysis. To determine the combined effects of DMSO, 10 mM 
AsA, and pH (AsA decreases the pH of the media) on the ROS response in rooted shoots, 
plantlets were washed with sterile distilled water and 15 mL of freshly prepared rooting 
media with ± 10 mM AsA and ± 2% DMSO was added to the cultures. The experiment 
was performed at both pH 5.2 and 1.2 (after medium was autoclaved) to determine the 
effect of pH on ROS response after 24 hr. Adjustments in pH of control media were 
through addition of either HCl or NaOH. It was previously determined that maximum AN 
production occurred 72 hr. after incubation in DMSO, so after 72 hr, a second set of 
identically treated cultures, but growing only at pH 5.2, was also harvested for extraction 
and analysis by HPLC as previously described. Although pH had no effect on H2O2 
staining, when grown longer than 24 hr., plants appeared healthier at pH 5.2. 
Analysis of ADS and CYP mRNA Transcripts  
To measure the effect of DMSO on mRNA expression, culture medium of 14 day old 
plantlets was replaced with 15 mL freshly prepared liquid rooting media with either 0% 
or 0.25% DMSO (3 flasks per concentration/treatment) fed to the roots of A. annua 
plantlets. Flasks were placed on an orbital shaker at 90 rpm and samples were harvested 
for analysis of ADS and CYP at 1, 2, 3, 4 and 7 days after treatment with DMSO. ADS 
was also measured at 4, 8 and 16 hr. after DMSO addition. 
For RNA isolation, 50-100 mg of ground plant tissue were homogenized with 1 mL 
TRIzol reagent (Invitrogen, Carlsbad, CA). The solution was incubated for 15 min at 
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room temperature, then 200 μL of chloroform was added, shaken vigorously, and 
incubated for 15 min at room temperature. Cellular debris was removed by centrifuging 
at 12,000 x g for 10 min. The aqueous phase was transferred to a fresh 1.5 mL eppendorf 
tube and mixed with 0.5 mL isopropanol. RNA was allowed to precipitate out of solution 
for 10 min and then centrifuged at maximum speed for 10 min. The pellet was washed 
briefly with 1 mL 75% ethanol and then allowed to air-dry. After 5 min, the pellet was 
resuspended in DEPC-treated water and the concentration of RNA was quantified at 260 
nm. 
To remove contaminating genomic DNA from the RNA samples, the Turbo DNA-free kit 
(Ambion, Austin, TX) was used following manufacturer instructions. A maximum of 10 
µg of nucleic acid was added to a 50 μL DNase reaction, containing 1X DNase buffer, 
DEPC-treated water, and 4 U DNase. The reaction was incubated at 37°C for 30 min, 
after which an additional 4 U aliquot of DNase was added. The reaction was then 
incubated for another 30 min at 37°C. 
RNA transcripts were reverse-transcribed into cDNA using the DyNAmo cDNA 
synthesis kit (New England Biolabs, Ipswich, MA) following manufacturer instructions. 
Random hexamers were used to randomly prime the RNA for cDNA synthesis instead of 
oligo-dT primers in order to concurrently reverse-transcribe the 18S rRNA transcripts 
with the mRNA. The reverse transcription reaction was incubated at 37°C for 1 hr., and 
aliquots were added directly to subsequent PCR reactions. 
Primers were designed for the two genes using Primer Select (Lasergene, DNAStar, Inc) 
based on cDNA sequences specific for A. annua available at NCBI and are listed in Table 
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2.1. Primer pairs were designed to have similar melting temperatures and to amplify 200-
300 bp fragments. PCR was performed with each primer pair to ensure sufficient and 
specific amplification. 
Real-time PCR was performed using a Bio-Rad iCycler real-time PCR system. Reagents 
used were supplied as part of the iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) 
following manufacturer instructions. The protocol used was a three-step amplification 
followed by a melt-curve analysis. For each amplification cycle, there was a denaturation 
step at 94°C, an annealing step at 53°C, and an extension step at 72°C. Thirty-five cycles 
were used. Relative fold changes in gene expression were calculated based on the 2-ΔΔCT 
comparative method (Livak and Schmittgen 2000; Sehringer et al., 2005; Cikos et al., 
2007). The 18S ribosomal small subunit gene was used as the normalizing factor. 
Normalized levels of target gene amplification in DMSO-treated plantlets were expressed 
as fold changes of target gene expression relative to normalized levels of target gene 
amplification for control experiments.  
Statistical Analyses  
All experiments were done at least in triplicate, except for ROS staining for which there 
were 20 leaves reviewed per condition. Numerical data were statistically analyzed using 
ANOVA. 
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Results 
Only Rooted Shoots of A. annua Ancrease AN in Response to DMSO 
The roots of A. annua have been reported to play a key, but as yet not understood, role in 
the production of AN in the shoots (Ferreira and Janick, 1996). Previously Towler and 
Weathers (2007) showed that when DMSO was added to young A. annua seedlings 
(Yugoslavian, YU, strain) grown in shake flasks, AN production was significantly 
stimulated compared to controls. Subsequently the foliage of A. annua potted plants was 
sprayed with DMSO to determine if AN production was enhanced, but it was not (data 
not shown). Further experiments were done using in vitro cultures of a Chinese (CH) 
strain of A. annua in which rooting is readily controlled by changing the culture medium 
composition (Figure 4.1A). The concentration of AN in shoots of rooted cultures produce 
about 8 times that of unrooted shoots of this CH strain (Figure 4.1B). When DMSO was 
applied, the rooted shoot cultures doubled their AN yield (Figure 4.1B).  The total 
amount of AN produced by rooted cultures treated with DMSO is thus, almost 12 times 
that measured in unrooted shoots and about twice as much as rooted cultures without 
DMSO (see Table in Figure 2). 
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Figure 4.1. Only rooted shoots of A. annua respond to elicitation by DMSO. A, left to 
right unrooted vs. rooted A. annua shoots. B, Biomass and AN content of unrooted shoots 
and rooted shoots grown in shake flasks ± DMSO. Table shows total AN extracted per 
flask. Error bars are SE and n= 3.   
Effect of Optimum DMSO Concentration and Exposure Time on AN Production 
In our original study (Towler and Weathers, 2007), seedlings of A. annua (strain YU) 
were exposed to 0.5% DMSO. In this study rooted shoot cultures of a Chinese (CH) 
variety of A. annua were used to determine if there is an optimum DMSO concentration 
where growth was unaffected but AN levels increased. Using concentrations of DMSO 
ranging between 0 and 2%, rooted shoot cultures of A. annua showed a biphasic response 
Shoots 
AN (µg/flask) 
- DMSO + DMSO 
- roots 2.60 2.16 
+ roots 15.70 30.32 
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in AN production compared to the untreated controls (Figure 4.2). This biphasic response 
was reproducible in the hands of two different individuals. The first peak of AN was at 
0.25% DMSO and was 2.16 times that of the control (Figure 4.2) while the second peak 
in production was at about the same yield, but was obtained with 2% DMSO (Figure 4.2). 
In contrast, at 0.5% there was a significant decrease in AN production relative to that at 
0.25% and 2% (Figure 4.2). 
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Figure 4.2. DMSO stimulates a biphasic response in AN production in rooted shoots of 
A. annua. Rooted shoot cultures of A. annua were exposed to increasing concentration of 
DMSO (0%, 0.1%, 0.25%, 0.5% 1% and 2% (v/v/) DMSO) for 7 days. Asterisk indicates 
statistical significance at p = 0.051. Error bars are ± 1SD; n = 4. 
To determine the optimum exposure time needed to obtain a DMSO induced increase in 
AN, 0.25% DMSO was used as it was the lowest DMSO concentration that elicited an 
AN response. When A. annua plantlets were exposed to 0.25% DMSO added to the roots, 
AN yield continued to increase 7 days after DMSO treatment (Figure 4.3); total plant dry 
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weight was also not affected by the presence of DMSO (Figure 4.1B).  Of particular 
interest is the increase of AN and AB in the presence of DMSO (Figure 4.3). Although 
AA did not increase substantially, DHAA did, lending support for the notion that DHAA 
may be acting as a ROS scavenger as first hypothesized by Wallaart et al. (1999). These 
data suggest that the ROS induced by DMSO are possibly causing the increase in 
production of DHAA and providing the extra oxygens required for the final biosynthetic 
step leading to AN. 
DMSO Affects Some of the Genes in the AN Biosynthetic Pathway 
AN levels rise in response to DMSO (Figures 4.1 and 4.3), so a direct effect on the genes 
in the pathway was anticipated. Using real time PCR mRNA transcript levels of both 
ADS and CYP (Figure 1.2) were measured in shoots of A. annua rooted shoot cultures. 
Within 24 hr., only CYP showed a significant response to DMSO (Figure 4.4); ADS, the 
gene encoding the first enzyme in the pathway, showed no response. Interestingly the 
greatest number of CYP transcripts was observed at the DMSO concentration (0.5%) at 
which AN levels were lowest. Indeed the overall CYP response was inversely related to 
the amount of AN produced in the shoots. 
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Figure 4.3. At low concentrations, maximum AN production occurs three days after 
incubation in 0.25% DMSO. Rooted shoots were incubated in 15 mL rooting media 
containing 0.25% (v/v) DMSO. AN, AN, AB, AB; AA, AA ; DHAA, dihyroAA . Data 
are the average of at least 3 replicates. 
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Figure 4.4. Only CYP71AV1 responds at the transcript level to DMSO; ADS does not. (a) 
Levels of ADS and CYP71AV1 mRNA after 24 hr. exposure to 0 % DMSO (black 
column), 0.25 % DMSO (white column), 0.5 % DMSO (light grey column), and 2.0 % 
DMSO (dark grey column). (b) Levels of ADS (diamonds) and CYP71AV1 (squares) 
mRNA in response to 0.25% DMSO over time. (c) Levels of CYP71AV1 mRNA after 
exposure to 0.25 % DMSO (diamonds), 0.5 % DMSO (squares), and 2.0 % DMSO 
(triangles) over time. Error bars indicate +/- standard deviation.  ADS, amorphadiene 
synthase; CYP, cytochrome P450 CYP71AV1. 
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DMSO Increases ROS in A. annua Shoots 
AN is a small molecule with 5 oxygen atoms. Prior work in our lab showed that in a 
highly oxygenated environment more AN is produced than in a hypoxic one (Kim et al., 
2001) consistent with the hypothesis put forth by Wallaart et al. (1999; 2001) that radical 
oxygen is required for the last steps in the biosynthesis of the drug.  To determine if 
reactive oxygen species (ROS) are involved in the production of AN, the 4th-7th leaves 
from the apical meristem of rooted shoots were harvested from 20 rooted in vitro-grown 
plantlets and stained with DAB for a common form of ROS in plants, H2O2. Increasing 
DMSO concentrations did not affect growth (Figure 4.5A), but increased the level of 
DAB staining in the leaves of rooted plantlets (Figure 4.5B) indicating an increased 
concentration of H2O2 in the foliage. Unrooted shoots showed no ROS formation in the 
presence of DMSO indicating that roots were required for the ROS response (Figure 
4.5C). 
Vitamin C Counters the ROS Response and Reduces DMSO Induced AN 
Production 
If DMSO was inducing a ROS response then it was posited that a naturally occurring 
reducing agent, such as L-ascorbic acid (AsA, vitamin C), in the plants may counter the 
effect. When either 10 or 20 mM AsA was added to the DMSO treated plants, the DMSO 
induced ROS response was effectively eliminated (Figure 4.5B). Since the most evident 
ROS staining was observed at 2% DMSO (Figure 4.5B), that concentration was used to 
further test the effect of AsA on ROS induction by DMSO.  
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Figure 4.5. DMSO increases a ROS response that is countered by vitamin C in shoots of 
A. annua plantlets. A, plants at different DMSO concentrations show similar growth. B, 
ROS increases with increasing DMSO concentrations and Vitamin C counteracts the 
DMSO ROS response.  C, ROS does not increase in unrooted shoots treated with DMSO. 
D, pH did not affect the ROS or vitamin C response. Plantlets were treated ± 0-2% 
DMSO ± 10 or 20 mM ascorbate (AsA) for 24 hr., then 20 leaves were harvested and 
stained with DAB for 7 hr., bleached with ethanol for 5 min, and viewed with light 
microscopy. The brown DAB stain is specific for H2O2. Data are representative of 20 
leaves from each condition. 
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Ascorbate addition to the cultures resulted in a significant decrease in pH from the 
normal 5.2 of the culture medium to 1.2. To insure that the AsA effect on ROS was not 
instead a pH effect, cultures were treated with AsA with pH adjusted to 5.2 with NaOH.  
DMSO was also added to cultures with pH adjusted with HCl to 1.2, and compared to 
DMSO + AsA at both pH 1.2 and 5.2. . In the presence of DMSO at either pH, DAB 
showed a strong ROS response that in both cases was also countered by AsA (Figure 
4.5D). These results showed that the observed AsA recovery of the DMSO-stimulated 
ROS response in A. annua is not an artifact of pH. Furthermore, AsA was also shown to 
inhibit the DMSO induced AN production in plantlets treated ± DMSO and ± AsA 
(Figure 4.6). This result shows that a known scavenger of ROS, ascorbate, also inhibits 
AN production.  
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Figure 4.6: Vitamin C counters the ROS response and reduces DMSO induced AN 
production. Plantlets were treated with 2% DMSO ±  10 mM AsA for 24 hr. then 
harvested and shoots dried and extracted for assay of AN by HPLC. Asterisk indicates 
statistical significance at p = 0.051 relative to control. Error bars are ± 1SD; n = 4. 
* 
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Discussion 
Most reports regarding the biological mechanism of DMSO effects on cells have focused 
on animal cells where DMSO is identified as a ROS scavenger (see reviews by Yu and 
Quinn, 1994; Kharasch and Thyagarjan, 1983). Although plants produce considerable 
ROS through many processes similar to those in animals, e.g. in defense against 
pathogens, and response to abiotic stress, some are unique to plants and include their role 
in photosynthesis and photorespiration (Apel and Hirt, 2004).  
DMSO is proposed to be a radical oxygen scavenger (Yu and Quinn 1994; Kharasch and 
Thyagarjan 1983); thus we would expect it to reduce ROS. In A. annua, however, DMSO 
increased ROS in shoots, but only if the shoots are rooted.  When ascorbate, a known 
ROS scavenger especially of peroxide (Noctor and Foyer, 1998; Apel and Hirt, 2004), 
was added, the DMSO-induced ROS disappeared. When ROS disappeared, AN also 
declined substantially. Thus, in contrast to reports in other systems, in A. annua DMSO is 
not reducing ROS, but rather, increasing it and this may contribute to an increase in 
oxygen-rich AN. The ROS measured in this study is H2O2 as demonstrated by the H2O2-
specific DAB staining. Interestingly, an earlier report by Sangwan et al. (1993) showed 
that in a cell-free system, addition of H2O2 with horseradish peroxidase increased AN 
production; a result later confirmed by Zhang et al., (2003). There is, however, some 
evidence that a mixture of peroxide and various peroxidases can yield singlet oxygen 
(Khan, 1983) and is consistent with participation in the last non-enzymatic photo-
oxygenic step leading to AN (Brown and Sy, 2004). 
Although another reported role of DMSO is as a radical transfer trap (Kharasch and 
Thyagarajan, 1983) that does not seem to be its role in A. annua mainly because the 
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plant’s roots are required to receive the DMSO signal to stimulate ROS and AN 
production in the shoots. This suggests that there is transport of some unknown 
intermediate or signal molecule from roots to shoots. It is also unlikely that DMSO is 
directly contributing its oxygen to the AN reactions because direct application of DMSO 
to the shoots has no effect on terpene production. Although one could argue that DMSO 
may not have penetrated the shoots, this seems unlikely because the chemical is an 
excellent penetrant (Yu and Quinn, 1994; Kharasch and Thyagarjan, 1983). 
Others (Kurina-Sanz et al., 2000; Hernandez et al., 2005) have shown some DMSO 
elicitation of secondary metabolism in plants; however, the response in A. annua seems 
to be different. First, the DMSO stimulation of AN in A. annua requires perception of the 
chemical by the plant’s roots. Second, there is clearly a ROS connection, a relationship 
not apparent in other studies.  
If DMSO were acting at the point of transcript regulation of the AN pathway, then one 
might expect the number of ADS mRNA transcripts to have increased, but this was not 
observed. Instead, transcripts of the genes of the second enzyme in the pathway, the 
P450, CYP, increased, but only at the DMSO concentration where AN level is 
comparatively reduced. While there is a possibility that DMSO is perhaps easing a 
possible bottleneck in the pathway, an analysis of pathway intermediates in response to 
DMSO was performed to attempt to resolve this query.  
 DMSO clearly stimulated AN, DHAA, and AB production, but not AA.  Both AB and 
AN have an increase number of oxygen atoms in their structures, 3 and 5, respectively, 
compared to AA and DHAA, each of which has two oxygens. Furthermore, it is the final 
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photo-oxygenic step from DHAA to AN that has been hypothesized to involve ROS 
(Wallaart et al., 1999; Brown and Sy, 2004); our data are consistent with that hypothesis. 
Considering that DMSO increases the amount of all of the metabolites except AA, and 
that both AB and AN have at least 3 oxygen atoms, our results are also consistent with 
our hypothesis that DHAA is acting as a ROS sink in A. annua. 
This study has shown that the stimulatory effect of DMSO on AN production appears to 
be linked to stimulation of ROS, which when inhibited by a known ROS scavenger, 
vitamin C, also inhibits AN production. DHAA, thus, appears to be acting somewhat as a 
ROS sink in A. annua. The dynamics of the DMSO effect are complicated suggesting 
there could be several possible mechanisms of action. This can be clearly seen in the 
break down of a dose-response relationship between DMSO and AN. It remains unclear 
why at certains concentrations of DMSO (0.25% and 2.0%) AN increased significantly 
while at other intermediate concentrations (0.5%) the response was mitigated.  Our data 
suggest strongly that ROS is a key factor in the increases observed but may not be the 
only factor influencing AN production in this system. Indeed, numerous other studies on 
AN elicitation using diverse agents and conditions may be unified under the umbrella of 
ROS but to date no conclusive evidence for this has been presented. Induction of AN 
production by GA3 (Smith et al., 1997), cold stress (Lulu et al., 2008), and MJ (Baldi and 
Dixit, 2008) all have possible connections to ROS and serve to bolster the hypothesis that 
DHAA acts as ROS sink. To our knowledge this is the first report of an elicitory 
treatment being specifically countered by the addition of a ROS sink (AsA). 
Lastly, the DMSO stimulus is apparently only perceived by the roots of the plant and not 
the shoots, yet only the shoots produce AN, suggesting a long distance signal or chemical 
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moving from roots to shoots. Although not fully understood, use of DMSO may prove 
useful not only in improving the yield of the drug in A. annua, but also in better 
elucidating the regulation of the pathway and especially of the last non-enzymatic photo-
oxidative steps in biosynthesis of this important sesquiterpene. 
  
104 
 
Chapter 5: Further Effects of ROS on Artemisinin Biosynthesis in 
Artemisia annua 
 
 
If two or more instances of the phenomenon under investigation have only one 
circumstance in common, the circumstance in which alone all the instances agree 
is the cause (or effect) of the given phenomenon. 
       -John Stewart Mill  
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Introduction  
The evidence for ROS involvement in the elicitation of AN production is quite strong. 
Many stimuli increase AN, and there has yet to be a unified model under which they can 
all be explained. It is hypothesized that ROS influence AN biosynthesis. In attempting to 
further support this hypothesis, specific ROS generators and also ROS quenchers were 
used and we made measurements of changes in AN or other oxidized metabolites that 
may correlate with increases in ROS. Our initial study investigating the role of DMSO in 
eliciting AN production (Mannan et al., 2010; Chapter 4) was one of the first to show a 
possible connection between ROS and AN in vivo. However, because DMSO is able to 
chemically interact with ROS in a number of different ways, exposure presents a number 
of challenges regarding interpretation of the relationship between it and AN levels; and 
thus, a more direct set of experiments were needed to identify a possible relationship 
between these two variables. By using ROS generators of known mechanism, it should be 
possible to eliminate some of the confounding variables present in the DMSO elicitation 
work. In addition, the effect of ROS elicitors on the transcription of a number of key 
genes in the AN biosynthetic pathway was also measured. Changes evident on a 
transcriptional level are important to understanding the role that AA and DHAA may be 
playing as ROS scavengers. While AN may be a secondary metabolite and a phytoalexin, 
it may also play a role at the interface of plant primary and secondary metabolism as part 
of a unique ROS scavenging system.  
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Materials and Methods 
Plant Material and Tissue Culture 
In vitro cultures of A.annua were maintained as described in Mannan et al. (2010). 
Briefly, rooted shoot cultures of A.annua (Chinese clone PEG01) were maintained on ½ 
strength MS media (Murashige and Skoog, 1962) with 2% sucrose and solidified with 5.0 
g L-1 agargel. Propagation and sub-culturing of plantlets into new media were  performed 
approximately ever 3 weeks. For experimental treatments, plant material was taken from 
semi-solid media cultures three weeks after sub-culture, when roots had fully formed and 
expanded, and moved to shake flasks with 5 ml of standard root maintenance media (as 
above without solidifying agent) and allowed to shake under 16 hrs light ( ~100 µmol m-
2)/ 8 hrs dark for 1 week. For methyl viologen (MV)/ AsA/ H202 / control exposure, 
rooted plantlet culture maintenance media (described above) was supplemented with 
various treatments, pH adjusted to 5.7, and sterilized by filtration (including control 
media) to avoid degradation of ROS inducers and scavengers due to autoclaving. The 
spent medium from shake flasks was removed and a 5 ml aliquot of fresh control or 
experimental media was added to flasks and returned to the shaker for two days 
incubation under identical conditions as previously described. Plantlets were monitored 
for any gross physiological changes or differences in growth over the two days before 
harvest. 
For soil-grown cultures, plants were started from seed and grown in Metromix 360 
(Griffin) soil with regular watering and fertilized with  ¼ strength Hoagland’s nutrient 
solution (Hoagland and Arnon, 1950) every 3 weeks. All plants were maintained under 
continuous light (70 µmol m-2) before tissue sampling was done. The 5-6th fully expanded 
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leaves from the shoot apical meristem were chosen from individual plants and separated 
as shown in Figure 5.1, and divided into control and experimental groups. Two leaflets 
were placed in each well of a standard 6 well plate (Falcon #1146) containing 5 ml of 
either a deionized water control or a MV/AsA treatment group and incubated for 5 hour 
under continuous light and shaking at 75 rpm before harvest (Figure 5.1B). The MV/AsA 
treatments were: 5 μM MV or 5 µM MV + 10 mM AsA, each adjusted to pH 5.7 using 
sodium hydroxide. All leaflets were floated adaxial side down in the wells, to allow for 
exposure of abaxial stoma to atmospheric oxygen.  
 
Figure 5.1: Experimental system for exposing A. annua leaves to MV, AsA, and H2O2. A: 
A.annua compound leaf, separation plan. Axial leaflets were cut as close to the main stem 
as possible and divided as shown, the remaining terminal leaflet was discarded. B: 
Leaves were incubated in test solutions by floating in 6 well plates 
 
Plant Harvest and Extraction 
Plant tissue, from shake flasks or leaflets (approximately 50-100 mg of each), was blotted 
dry before metabolite extraction using 2 ml of 1:1 methanol:chloroform supplemented 
with 10 ppm santonin as an internal standard for later analysis. Tissue and solvent were 
MV 
Control 
A 
B 
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sonicated in a water bath sonicator for 30 minutes on ice before solvent was decanted to a 
new tube and evaporated under nitrogen. Residues were resuspended in 100% methanol 
and dried over magnesium sulfate salt. Methanolic extracts were then filtered using 0.4 
micron PVDF filters before GC-MS analysis. 
Real-Time PCR 
For real-time PCR analysis, 100 mg plant tissue was ground in Plant RNA isolation aid 
(Invitrogen) and extracted following the manufacturer’s recommendations. RNA was 
checked for content and purity using A260:280:230 ratios. Contaminating genomic DNA 
was removed using the Turbo DNAse free (Ambion) kit, following the manufacturer’s 
protocols. Synthesis of cDNA was performed using the DyNaMo cDNA synthesis kit 
(New England Biolabs) using 1 µg of template RNA and random hexamer primers. 
Synthesis reactions were incubated for 45 minutes at 37°C and terminated by enzyme 
inactivation at 85°C for 15 minutes. Template cDNA was used directly from these 
reactions in subsequent real-time PCR experiments without further purification. PCR 
reactions were carried out as described previously in Arsenault et al. (2010, Chapter 3). 
Briefly, RT-PCR was performed using the Biorad SYBR green supermix reagent, 
approximately 50 ng cDNA per reaction, and primers designed as listed in Table 2.1. 
Five samples per treatment group were analyzed in duplicate to provide threshold cycles 
(CTs) so that the ΔΔCT method (Cikos et al., 2007) could be used to compare relative 
transcript abundance. All sample CTs were recorded relative to total RNA using 18S 
rRNA as the internal standard.  
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GC-MS Analysis 
GC-MS was carried out on an HP gas chromatograph coupled to an HP mass selective 
detector following a modified protocol of Ma et al. (2008). A1 µl aliquot of methanolic 
extract was injected onto an 30 m HP-5ms column, with a 0.25 mm ID and 0.25 μm film 
thickness (Agilent technologies; 122-5532 ) using a pressure regulated 1 ml/min flow rate 
of ultra-pure helium gas. Injector temperature was maintained throughout the run at 
250°C. Column temperature was initiated at 120°C to allow for a “cool-on-column” 
injection, which increased both sensitivity and reproducibility. The detector/ transfer lines 
were maintained at 280°C, which maintained an ion source temperature of approximately 
190°C. Oven temperature was increased at 5°C/min to a final temperature of 300°C, 
which was then held for 5 minutes. The MS was configured to scan from 40 to 350 m/z 
and recorded a total ion count. Peaks were integrated using Chemstation software 
(HP/Agilent) and recorded relative to the santonin internal standard. Peak identification 
was done through retention time comparison to genuine external standards and through 
spectral matching using the NIST08 spectral database (NIST).  
Statistical Analysis 
Comparison of treatment groups for in vitro shake flask experiments were performed 
using SPSS (IBM). Standard Analysis of variance with a Tukey HSD post-hoc test was 
performed to assess statistical significance. Leaf-paired samples were analyzed using 
Student’s t-test. Power analysis and sample size calculation were done using the R 
statistical package and the “stats” library (“R” Core Development Team,  2008). Analysis 
of real-time PCR data was done using the non-parametric Mann-Whitney U test as 
described in Arsenault et al. (2010; Chapter 3). 
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Results and Discussion 
Effects of ROS Elicitors and Antioxidants on In Vitro Cultures of A.annua 
To investigate the role that various ROS elicitors and scavengers might play in the 
control of AN production, we initially exposed rooted shoot cultures of A.annua to 
varying concentrations of H2O2, ascorbic acid (AsA, a scavenger of primarily H2O2), and 
methyl viologen (MV, an inducer of superoxide). Cultures were placed into their standard 
liquid media and allowed to acclimatize for 1 week. After 1 week, the various treatments 
were added and plants were further incubated for 48 hrs. Tissue from exposed plants was 
harvested and assayed for AN and related metabolite content. The results were 
characterized by a high degree of variability both in response to treatments and, 
especially, within groups.  
While the variability remained high in the tissue measured, there was the suggestion of an 
effect of MV at 1 µM but not at 10 µM (Figure 5.2). The absence of change at 10 µM 
may be due to toxic effects of MV at that concentration as exposed plantlets became 
slightly chlorotic after just 24 hrs incubation and by 48 hrs most plants showed a high 
degree of death of their lowest leaves. Portions of the plants that were not chlorotic were 
separated and assayed for artemisininic metabolites but interpretation of results at the 10 
µM level was inconclusive. Plants exposed to 1 µM showed no clearly visible phenotypic 
differences from control plants exposed to standard rooting media, but did have an 
increased mean level of AN. Unfortunately, the high degree of variability meant this 
result was not significantly different from controls and later experiments also suggested 
that the increase in mean AN may have been spurious (Figures 5.2 and 5.3).    
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Figure 5.2: Effects of various treatments to non-clonal lines of A.annua. A: ROS inducers 
and quenchers MV, methyl viologen/paraquat; AsA, Ascorbic acid/ Vitamin C; H202, 
H2O2 (n=5) B: Effects of decreasing MV concentrations on AN levels (n=4) 
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Figure 5.3: Compared to untreated controls, mean percent change in three metabolites in 
A. annua after 48 hrs. incubation in 5µM MV using paired leaf samples. N = 12, 
DeoxyAN     p = 0.086, DihydroAN p = 0.058, AN p = 0.708 
 
Much like the DMSO work, plantlets exposed to ascorbic acid (AsA) showed no 
difference from control plants in the absence of a ROS elicitor (Figure 5.2). Ascorbic acid 
and its associated peroxidase are localized to the aqueous fraction of cells and often the 
highest levels are seen in chloroplasts (Apel and Hirt, 2004). AN localizes with lipids in 
the trichome epicuticular sac, which has no chloroplasts (Figure 1.5) (Olsson et al., 
2009). These two compartments, thus, may draw from different pools or sources of H2O2 
to which endogenous (or exogenous) AsA may not have access. This is especially 
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relevant if the role of AA or DHAA is as a ROS scavenger; these two metabolites may be 
somewhat similar to the tocopherols and carotenes and their role in preventing lipid 
peroxidation (Apel and Hirt, 2004). However, in response to a potential ROS elicitor like 
DMSO or MV, it may be that bursts of production of DHAA (Figure 4.3) make 
precursors no longer limiting and that singlet oxygen or some other ROS becomes the 
limiting factor in AN production. In these scenarios, the addition of AsA decreases levels 
of ROS and returns levels to their previous state (Figure 4.6).  ROS elicitors may also 
play a role in increasing the level of artemisinin related biosynthetic enzymes. If this 
were the case, and reactants/precursors were not limiting, we would expect to see 
increased flux through the pathway. However, the addition of AsA could remove the 
ROS and return enzymes to a basal state of expression thus returning product production 
to their lower pre-ROS state. This is consistent with a possible role of AA and DHAA as 
ROS scavengers; they are continuously produced at low levels, ready for ROS insult and 
able to be over produced when such an insult is sensed.   
Other data showed little to no effect in H2O2 treated plantlets relative to controls (Figure 
5.2), and correlate with ex vitro studies of H2O2 sprayed plants that also showed no effect 
(unpublished results). Assuming the biosynthesis of AN is located entirely within the 
glandular trichomes (Olsson et al., 2009), it would not be surprising to find that the lipid-
rich environment would be somewhat exclusionary to aqueous solutions of H2O2. That 
being said, it is also possible that other ROS are more effective at eliciting a response in 
AN production. Experiments involving inhibition of peroxidases, catalase, or glutathione 
reductase to increase intracellular concentrations of peroxides would be more informative 
and should be a subject of further inquiry.  
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Methyl Viologen Elicitation of AN Related Metabolites 
To determine if other ROS, specifically superoxide leading to singlet oxygen, are 
effective at eliciting or increasing AN yield, additional MV experiments were conducted 
using in vitro cultures. Given the toxic effects at 10 µM MV and the inconsistent results 
seen with 1 µM, we posited that ill health of the plant under 1 µM, though not 
immediately visible, may be playing a factor in AN yield. To that end, cultures treated 
identically to the previous experiments were exposed to decreased concentrations of MV 
at 1 μM, and 0.2 μM MV for 2 days and assayed for changes in AN level (Figure 5.2b). 
None of these cultures showed any significant difference from control tissue without MV 
exposure. Following this, we increased the working concentration of MV to 5 µM and 
saw slight, though statistically not significant differences in AN production using our in 
vitro cultures. However, it became clear that the extraordinary variability within our in 
vitro cultures was a continuing stumbling block. A simple power analysis and sample size 
calculation using parameters established from a large collection of control data from 
numerous in vitro experiments yielded the following values for AN : µ = 0.234 mg gFW-
1, SD = 0.202, n = 24. Assuming these values were representative of the population at 
large, to detect significant differences as low as ± 50% of the population mean we would 
need a sample size > 40. Obviously using our current culture system, detection of even 
smaller changes in AN with statistical certainty would require even larger samples sizes. 
Indeed, even with a sample size of 12, we would only be able to see significant 
differences if treatments yielded >100% increase in metabolite concentration. This 
necessitated an experimental plan redesigned to address the extraordinary variability in 
our sample populations.  
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To minimize variability in the population, we used paired samples taken from opposing 
leaflets from the same plant (Figure 5.1). This allowed for control of some of the 
confounding factors inherent in the population. By pairing samples, we took advantage of 
the small degree of variability across leaflets; the average difference in any one 
metabolite between two untreated opposing leaflets from the same position is < ±5% 
(unpublished results). To test this method, leaflets from mature, soil-grown plants were 
separated and placed into either 5 µM MV or deionized water as paired samples (Figure 
5.1). Incubation was also reduced from 48 to 5 hours because it was presumed that this 
would be long enough to observe: a transcriptional response, an increase in ROS, and 
increased biochemical conversion of AA/DHAA to one or more downstream metabolites. 
For statistical analysis, comparisons were made only between control and experimental 
leaflets from the same leaf proper. When both leaflets were untreated, differences in 
individual metabolites measured between opposing leaflets on a single leaf were below 
5% for any individual compound analyzed (e.g. AN p = 0.887, n = 6).  Since variability 
in metabolite concentration between the leaflets of a particular leaf is negligible, 
differences observed in a paired study should be due to the effects of the experimental 
treatment rather than the variability between individual plants. Using a paired leaflet 
method also obviates the inherent differences between different plants because the 
control and the experimental are within the same leaf. Data were expressed, therefore, as 
a percentage increase above controls and paired sample t-tests were used to measure 
statistical significance of these differences. A number of “final products” that may be the 
primary downstream products of AA/DHAA conversion including AN were measured. 
These included: AN, AB, dihydroAN, and deoxyAN; the later two share similar structure 
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with AN but with 1 less oxygen atom. DeoxyAN does not contain the endoperoxide 
moiety important for AN’s anti-malarial properties. AN and deoxyAN have been 
proposed to both originate from DHAA, differing only in their final condensation 
reactions (Brown and Sy, 2004; Figure 5.4). Of some note, individual plants sampled 
from the population seem to vary immensely in their production of AB with some plants 
showing it as a major product and others producing little to none. For this reason, AB was 
excluded from most of our analyses. The results of the paired sample experiment were 
more encouraging than our initial plantlet study. There appeared to be differences in the 
levels of deoxyAN and dihydroAN of MV treated leaflets relative to controls. When the 
sample size was increased to 12, the data began to approach statistical significance for 
both deoxyAN and dihydroAN (p = 0.09 and 0.06, respectively; Figure 5.3). AN, 
however, was not significantly different from the control and mean differences were well 
within the 5% threshold observed between two untreated leaflets. These results indicated 
that while the effect of increased superoxide/singlet oxygen may be affecting deoxyAN, 
it does not appear to influence the levels of AN to any appreciable degree.  
Experiments examining the dynamics of deoxyAN and AN levels from the time period of 
hours to multiple days would likely be useful, but are unlikely to be amenable to the leaf 
floating method. Other potential experimental designs that may be able to shed light on 
this hypothesis in the future will be discussed later.  
Countering Methyl Viologen with Ascorbate 
Following some promising results with MV exposure, it was critical to determine if, as 
was encountered in the case of DMSO exposure (Mannan et al., 2010; Chapter 4), the 
MV response could be countered by the addition of AsA. Given that there were no 
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significant changes in AN using MV (Figure 5.4), it seemed that the mechanisms of 
DMSO and MV elicitation of metabolite production may be different. Different ROS or 
different sources of ROS may affect AN and deoxyAN differently and the differential 
results for deoxyAN and AN in response to MV may be particularly informative in this 
regard. DeoxyAN contains a single oxygen in what would otherwise be the endoperoxide 
bridge of AN; the two compounds differ only in the elimination of H2O2 vs. H2O, 
respectively (Figure 5.4). However, when leaflets floated in 5 µM MV were compared to 
leaflets floated in 5 µM MV + 10 mM AsA, there was no significant difference between 
the two groups (p = 0.85) in either AN or deoxyAN levels. These results indicated that, 
unlike DMSO, the effect of MV on A.annua leaves cannot be mitigated through AsA 
exposure. MV and AsA play different roles with respect to different ROS. Simply stated, 
MV can redox cycle; it can take electrons from various donors and then transfer them to 
molecular oxygen, forming superoxide. When used as an herbicide in the field with high 
light intensity, the most common route for MV is to take electrons from photosystem I 
and transfer them to molecular oxygen yielding superoxide. However, MV has also been 
shown to be toxic to non-photosynthetic organisms as well. In this case, MV can also 
take electrons from other donors like NADPH and cycle them into superoxide. In this 
study, when MV is being used in relatively low light intensities (in contrast to field use) 
NADPH and other electron donors may play a key role in the toxicity and superoxide 
generating capacity of MV. By adding AsA, the concentration of available electron donor 
substrate is decreased (Figure 1.3) and thus, the redox turnover capability of MV is also 
decreased. In addition, AsA can also chemically quench singlet oxygen.   
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Figure 5.4: DHAA transformation into deoxyAN and AN through the incorporation of 
singlet (1O2) and triplet (3O2) oxygen and the elimination of H2O2 and water, respectively. 
Arrow  shows shift with MV exposure. DHAA, dihydroartemisinic acid; TAH, tertiary 
allylic hydroperoxide; AN, artemisinin; deoxyAN, deoxyartemisinin 
 
It is unclear if this property is relevant to the in vivo production of AN related 
metabolites, however, because the rate constant is quite low compared to the physical 
quenching rate constants of many isoprenoids (~320 M-1s-1 vs.  > 10,000 M-1s-1, 
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respectively; Triantaphylide and Havaux, 2009). In addition, it was also proposed by 
Brown and Sy (2004) that the production of deoxyAN is dependent on a non-enzymatic 
elimination of H2O2 from a DHAA derived intermediary tertiary allylic hydroperoxide 
(TAH); AN is produced, in contrast, by the elimination of water (Figure 5.4). Thus, it is 
possible that the addition of AsA, while simultaneously decreasing the redox effects of 
MV, may also, through reduced turnover and singlet oxygen quenching, be driving this 
final non-enzymatic reaction towards products by the removal of excess H2O2, but not 
affect AN levels. Interestingly, the addition of AsA to our leaves in the float assay did not 
yield increases in deoxyAN relative to untreated controls. Of course, given the ability of 
AsA to quench both singlet oxygen and H2O2, it may be that both sides of the 
reactant/product equilibrium are being adjusted and that the assay is still not sensitive 
enough to detect underlying differences in this balance in our small samples. This 
highlights the difficult nature of studying specific ROS and its scavengers in relation to 
metabolism. Furthermore, while the results of these experiments were somewhat 
encouraging they also highlighted the difficulties in trying to detect differences within 
such a highly variable population.  
Reducing Population Variance through Clonal Propagation 
Other groups have been successful at reducing variability through clonal propagation (Ma 
et al., 2008) and indeed our data show the utility of such an approach. This can be seen 
most clearly in the DMSO experiments in which a set of more consistent (in regards to 
AN production) lines were used (Chapter 4). However, after the conclusion of that work 
those lines were lost and restarted as  new lines. These new lines, while being 
micropropagated much like the DMSO lines, were in fact highly mixed populations with 
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high variability, an unexpected consequence of starting new axenic in vitro cultures. 
Once this problem was identified, it became clear that the establishment of new clonal 
lines of known lineage would be necessary to reduce the variability, thereby again 
improving in vitro experimental replication. Six individual plants were selected at 
random to be micro-propagated and subcultured as individual lines. After three rounds of 
sub-culturing every 2-3 weeks, the individual lines were assayed for AN production and 
assessed for variability and suitability for further analysis (Figure 5.5).  
 
Figure 5.5: Differences in metabolite composition and concentration in 6 A. annua clonal 
lines (n = 4).  
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The clonal lines showed significant differences between them in all metabolites tested, 
except for dihydroAN (AN p = 0.012; deoxyAN p = 0.001; AB p = 0.021; dihydroAN p 
= 0.086). This suggested that much of the variance seen in our work to date has been due 
to genetic differences inherent to the species and that we can eliminate some variation by 
maintaining distinct clonal lines with consistent genetic background. 
Artemisinin Related Transcriptional Changes in Response to ROS Stress 
One of the clonal lines shown in Figure 5.5 (Joe) was used as the base material for the 
study of variability in transcription of 4 key genes in artemisinin biosynthesis: HMGR, 
FPS, ADS, and CYP, in response to MV exposure. Clonally propagated rooted plantlets 
were grown in shake flasks and incubated to 5 µM MV for a period of 5 hours under 
continuous light (~100 μmol/m2). After exposure, the plantlets were harvested, root tissue 
was removed, and the remaining plant material was ground in liquid nitrogen and 
homogenized using a mortar and pestle. Analysis of transcriptional changes in relevant 
genes yielded some surprising results. While all the genes showed a mean decrease in 
transcript level, only ADS and HMGR had statistically significant decreases at the p < 
0.05 level. ADS, especially, showed a 75% reduction in transcript level in MV treated 
plants relative to control (Figure 5.6).  
Given that increases in the levels of deoxyAN were also measured under MV exposure 
conditions using the leaf float assay, it again seems as if there may be a feedback 
mechanism, of some sort, at work here. However, the initial AN spray data (Figure 2.8) 
suggested that a feedback loop may not be as simple as first proposed, because no 
significant change was seen in gene expression upon exposure to exogenous artemisinin. 
These more recent data, however, suggest it is possible that the molecule responsible for 
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feedback is not AN but may actually be earlier in the pathway. For example, it could be 
DHAA, a precursor to both AN and deoxyAN. This model is equally plausible, given the 
results from both developmental (Chapter 2) and sugar-related (Chapter 3) changes in 
transcription where DHAA was also inversely correlated with transcriptional levels of 
ADS and CYP.  
 
Figure 5.6: Fold change in transcript levels of four genes in A. annua after exposure to 5 
µM MV for 5 hrs. (* indicates p  ≤  0.05) 
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Future experiments looking at changes in the levels of DHAA in MV-treated plants may 
shed light on this possibility. However, an alternative hypothesis in which increases in 
ROS actually  decrease the levels of artemisinin-related gene products, but increase the 
levels of related metabolites (deoxyAN or AN) would seem to indicate that, from the 
plant’s perspective, DHAA is not a preferred anti-oxidant compound. Clearly this could 
be due to the toxic effects of high concentrations of AN (Figure 3.6) and that while it may 
be an effective ROS quencher, the toxicity of the resulting molecules may be 
problematic. In this case, the plant’s ability to limit production of these toxic metabolites 
to below dangerous threshold levels would be paramount to the protective activity of 
DHAA as a ROS scavenger.  
Striking a Balance Between AN and DeoxyAN 
Interestingly, the artemisinic metabolites among the clonal lines vary independently of 
one another except for deoxyAN and AN, which show a high correlation r2 = 0.77 that is 
highly significant (p < 0.01; Figure 5.5). This may indicate that production of deoxyAN 
and AN are controlled by similar mechanisms, though the specifics of that control are 
still the subject of intense inquiry.  This correlation is, however, consistent with the 
hypothesis that AN and deoxyAN originate from the same precursors, but that the other 
metabolites are likely regulated via some other mechanism. The possibility of differential 
control of deoxyAN and AN through the involvement of ROS is further supported by the 
result that shows MV may be affecting production of deoxyAN but not AN. A control 
system based on the availability of precursors (e.g. DHAA) likely would lead to 
concomitant increases in AN concentration, and thus the alteration in levels of deoxyAN 
may be a purely biochemical one instead of an increase in production of precursors in 
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response to the stress of MV exposure. The idea that deoxyAN and AN are derived from 
a common precursor has been largely accepted by the scientific community, but also 
opens up a variety of new questions in the interpretation of our data (Brown and Sy, 
2004; Covello et al., 2007). For instance, it might appear that superoxide or singlet 
oxygen as a product of MV exposure may be incorporated into deoxyAN but not into 
AN, which may require some other oxygen species for production of the two oxygen 
endoperoxide bridge. Alternatively and more likely, it suggests that some other 
mechanism post DHAA is responsible for balancing these two metabolites and may be 
dependent on the level of available singlet oxygen. It is this second hypothesis which will 
be the major subject of future study.  
If the change in deoxyAN is not due to a shift in enzyme concentration or activity, this 
would also support a role for AN/DeoxyAN as the by-products of ROS scavenging by 
DHAA as it absorbs singlet oxygen and possibly other ROS. Current experiments that are 
examining the effects of MV on AN-related gene expression may shed some light on this.  
Results to date appear to suggest, however, that changes in enzyme concentration upon 
exposure to MV is an unlikely explanation for the observed differences between AN and 
deoxyAN as they should both be affected by decreases in DHAA concentration.  
The data from clonal line production also help to explain the observed differential 
response of deoxyAN and AN to MV exposure. Since the balance between these two 
compounds, normally at highly correlated steady state levels, is perturbed by the addition 
of MV, then it suggests that the superoxide produced by MV is acting at some point 
following the production of DHAA or affecting the concentration of the TAH precursor 
to each (Figure 5.3). Brown and Sy (2004) suggested that singlet oxygen is incorporated 
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into both deoxyAN and AN as a common precursor but evidence from this study could 
suggest that increases in singlet oxygen affect deoxyAN and AN differently, which may 
have implications for the validity of their proposed in vivo scheme.  We have no other 
evidence to suggest that the already proposed biosynthetic scheme is incorrect. However, 
if our hypothesis is correct, then the levels of deoxyAN and AN may have a very 
different interaction with ROS whereby the levels of H2O2 may be driving the reaction 
towards TAH (Brown and Sy, 2004). If TAH increases in concentration due to increases 
in H2O2 one would expect both the concentration of DHAA, upstream, and the 
concentration of AN, downstream, to change as equilibrium is re-established between 
reactants and products. This would shift the balance from deoxyAN to AN in the 
presence of H2O2. Of course, removal of H2O2 would cause an inverse change similar to 
what we have observed.  
 Of course, our data show an opposite effect when a ROS elicitor (MV) induces 
production of deoxyAN rather than AN. Clearly, gaps in understanding remain to be 
explained where MV induces deoxyAN while DMSO induces AN and peroxide 
accumulation. ROS insult with MV is expected to produce superoxide, which can be 
converted to singlet oxygen. However superoxide is also the substrate for SOD, which 
also yields H2O2. Why then with possible increased H2O2 do we not see a decrease in the 
levels of deoxyAN if our former hypothesis concerning the dependance of deoxyAN and 
AN balance of H2O2? Plants are very sensitive to the levels of H2O2 and in response will 
often up-regulate detoxification mechanisms in response (Apel and Hirt, 2004). Should 
this be the case with MV exposure, we may be seeing the result of that up-regulated 
detoxification machinery in which, despite MV exposure, H2O2 levels are reduced 
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relative to the increased singlet oxygen. Future studies investigating the concentration of 
H2O2 and ratio to singlet oxygen over time in MV treated plantlets and measurements of 
total peroxidase activity will clearly be necessary to support or refute this deoxyAN/AN 
balance hypothesis. However, the idea that H2O2 may be involved in increasing AN is 
also supported by the work done previously with DMSO (Chapter 4) in which increases 
in AN were correlated with increases in H2O2, as detected by DAB staining (Figure 4.7). 
Taken together, the results of this study and previous would support our hypothesis and 
would be a significant departure from conventional thinking on the in vivo control of 
artemisinin biosynthesis. 
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Chapter 6: Conclusions and Future Work 
 
 
 
If the task of scientific methodology is to piece together an account of what 
scientists actually do, then the testimony of biologists should be heard with 
specially close attention. Biologists work very close to the frontier between 
bewilderment and understanding.  
-Sir Peter Medawar  
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A large body of work has accumulated on the stimuli that affect AN production. Here I 
have shown that the control of AN production is a multi-faceted process that integrates 
genetic control, micro and macroscopic physiological changes, and metabolic flux. 
Furthermore, while many of these changes already have been studied as separate entities 
in different experimental systems, this is the first effort to measure the composite in order 
to elucidate the underlying mechanisms that may be controlling AN biosynthesis. Along 
the same lines, while many groups have identified a large array of factors that stimulate 
production of AN, these studies are the first to show direct evidence that ROS may be a 
factor in its production in vivo (Chapters 4 and 5). Furthermore, the characteristics of 
A.annua and the role that AN related metabolites may be filling as ROS scavengers have 
blurred the lines between primary and secondary metabolism. Indeed, it may be that 
A.annua has evolved to produce AN as an advantage to make it more robust in order to 
neutralize oxidative stress. 
Validating a role for H2O2 in the deoxyAN and AN balance 
 In the studies presented here, the clearest link between the different phenomena is ROS 
stress. Overall, this indicates that different ROS may be processed by artemisinic 
metabolites differently within the plant suggesting that the final oxidized by-products 
may be indicative of the level and type of ROS experienced by the plant. Furthermore, it 
seems that while singlet oxygen is important in the oxidation of DHAA, subsequent 
condensation reactions may also be critical in altering the respective levels of deoxyAN 
and AN. Further work will need to be done to confirm this hypothesis including the 
measurement of particular ROS species and their specific detoxification enzymes to 
obtain a better picture of cellular redox state. That information would allow for direct 
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correlation of, for example, singlet oxygen formation with increases in deoxyAN or AN 
while simultaneously taking into account the levels of H2O2.  
Our hypotheses and future work rely heavily on the interaction between DHAA with 
singlet oxygen to form the TAH and the subsequent formation of either AN or deoxyAN. 
To validate this hypothesis, we would need precise measurements of each of these 
compounds and in the case of ROS, also the components of their detoxification. To that 
end, investigations looking at healthy vegetative plants and the steady state levels of 
H2O2, and singlet oxygen would be important experimental components and important 
controls. Although H2O2 can be measured with a number of commercial kits, we have 
found that levels in A.annua (and most plants) are close to the limits of quantification of 
these kits necessitating the use of other methods. We have been somewhat successful in 
this regard using a number of different assay techniques but optimization and validation 
are key (Al-Sowaimel, 2009). In addition, the measurement of modulations in peroxidase 
activity upon exposure to MV is also important to understanding the unexpected rise in 
deoxyAN apart from AN. Increases in peroxidase activity, especially if they occur in the 
absence of increased singlet oxygen concentration, would be strong evidence in support 
of our hypothesis that the control of the deoxyAN and AN balance is directly related to 
cellular H2O2 concentration. That is, it would help to explain how the differential could 
have arisen with MV exposure, which otherwise would be expected to increase 
simultanesouly both compounds. Furthermore, it would shift the relative importance of 
ROS from direct incorporation of singlet oxygen to the balancing effects of H2O2 driven 
inhibition of the deoxyAN condensation reaction.  
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Singlet oxygen, while short lived is possible to measure through two means. Singlet 
oxygen has a characteristic fluorescence that may be detectable at higher levels and it 
may be possible to visualize this in trichome cells, especially since the apical cells and 
the epicuticular sac lack chloroplasts which are the most common interference in singlet 
oxygen measurement in plants. However, a perhaps simpler technique involves staining 
with DanePyO which will bind to singlet oxygen and allow for stable measurement (op 
den Camp et al., 2003). Kinetics of changes in singlet oxygen concentration upon MV 
exposure, which could be followed with kinetics of deoxyAN and AN accumulation over 
the same time course, would be informative. Spikes in both deoxyAN and AN 
immediately following MV exposure support the hypothesis that singlet oxygen is 
integrated into both metabolites and that the differential response between them occurs by 
some other later mechanism, perhaps through shifting H2O2 levels. Effective 
measurement here would require numerous rapid measurements and likely higher 
sensitivity assays to effectively determine if small differences exist between groups. 
Essentially, the goal would be to see changes on time scales that were too short for the 
plant to respond with the up-regulation of standard ROS detoxification mechanisms. 
While it may be tempting, and indeed possible, to look into the suppression of ROS 
detoxification mechanisms to make these assays easier, perhaps a simpler experiment 
would involve situations in which the plant might naturally down regulate these enzymes. 
For instance, looking at the transition from budding to flowering again but this time in the 
context of ROS may be useful in this regard. If A.annua is similar to A. thaliana, we 
would expect changes in the redox environment during that transition until seed set 
occurs which is over the course of days rather than hours (Ye et al., 2000). This would 
131 
 
yield a much longer time period for measurement of changes in steady state levels of 
singlet oxygen, H2O2, DHAA, AN and deoxyAN  compared to vegetative growth. 
Comparisons of redox state between vegetative and floweing plants would be both 
necessary and informative and could be accomplished using a combination of GC-MS 
and HPLC in which oxidized and reduced metabolites (AsA, DHA, GSH, GSSH, NAD, 
NADH) can be differentiated using the method of  Lazzarino et al. (2003).  For instance, 
the concentration of AN may be positively correlated with the oxidation of AsA or 
glutathione, as an indicator of H2O2, supporting our hypothesis.  
Alternatively, in situations where the cell is in a more reduced state relative to H2O2, we 
may expect to see increases in deoxyAN rather than AN. Decoupling the production of 
singlet oxygen from other ROS would be important in producing this inverse scenario 
because a more reduced state would also likely limit the amount of singlet oxygen 
available to react with DHAA. The addition or stimulation of glutathione production 
would be a positive goal in this regard. Glutathione has very low ability to quench singlet 
oxygen but would decrease the levels of H2O2 through the standard detoxification 
pathway (Apel and Hirt, 2004). In addition, on-going experiments using tocopherol as a 
lipid-soluble quencher of H2O2 could also be an important part of this work.  Thus 
simultaneous stimulation with both MV and glutathione or tocopherol may lead to 
increases in deoxyAN where AsA did not.  
Sensitivity to both redox state and the simultaneous measurement of many factors is 
crucial to understanding the mechanisms that underly the DHAA/deoxyAN/AN balance. 
The clonal lines will help in regard to assay sensitivity and reproducibility, but it may 
132 
 
also be necessary to look at the large scale isolation of glandular trichomes for use as the 
source material such that the concentration of individual compounds is increased and the 
confounding effects of extraneous material are decreased. To our knowledge, no 
measurement of singlet oxygen or H2O2 specifically within trichomes, has been reported.  
Exploring possible routes for feedback inhibition 
These studies also presented evidence that the transcriptional patterns of AN specific 
enzymes are consistent with a model of feedback inhibition in the AN pathway post FPP. 
We have also confirmed previous work that AN is a phytotoxin both to itself and to other 
species. Last, through studies of the dynamics of trichome biogenesis and degradation 
throughout development, we have proposed a model in which a feedback loop would be 
an integral part of the control of AN biosynthesis. That is, that the bursting of trichomes 
may lead to the release of AN thereby stimulating a decrease in AN production, which 
allows the plant to avoid production of potentially toxic molecules without the necessary 
structures to sequester it beyond the trichomes. On-going experiments treating healthy 
plants with intact trichomes to an exogenous AN spray will help to confirm or refute this 
model. Initial experiments suggested that AN may be part of a feedback mechanism, 
though, perhaps with other more important components. More work relating to specific 
down-regulation of genes following increases in production will be needed to confirm or 
deny the existence of such a feedback mechanism. It should be noted that confirmatory 
experiments will be quite challenging as isolation of the involved variables is technically 
difficult at best. Exposure to exogenous artemisinic metabolites and monitoring gene 
expression changes, however, may be the most informative experiments relative to 
feedback inhibition. Looking at a number of downstream products other than AN and 
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including additional measurements of DBR2 and Aldh1 with the analyses we have 
already performed may help to explain what currently stands as a large amount of 
circumstantial evidence. A rigourous statistical analysis, however, is necessary as the 
possibility of erroneous declaration of feedback gene targets in analyses like the ones 
presented here increase linearly with the number of genes analyzed. To that end, work in 
progress by other groups to identify transcription factors possibly involved with control 
of AN related genes may help to form preliminary gene-regulation network maps.  
Role of increased trichome number and size 
Three lines of evidence relate to the importance of trichome number and integrity, the 
presence of feedback inhibition, and the role that AN may play in primary metabolism 
through the interaction with ROS, strengthens a new model of AN biosynthesis. This new 
model suggests that plant-based production may be near its limit, using the current 
strategies. If AN production only occurs in trichomes, and we and others have presented 
evidence that it is, then increasing the population of trichomes on leaves and flowers is of 
paramount importance to increasing AN yield. Yields of 1% DW, represent much greater 
actual concentrations in the trichomes because these small structures account for very 
little of the dry mass of a given leaf. In that sense, current strategies for increasing 
production though elicitation may be nearing their limits unless either more 
trichomes/leaf or alternatively larger trichomes can be produced. This is especially true if 
the biological environment provided by the trichomes is critical to the production of AN.  
In this case no amount of increase in gene expression would produce gains in AN without 
the suitable surroundings of a trichome. This is not to say that studies on the underlying 
biochemistry and gene-regulatory networks are not important. Indeed, we have already 
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seen that gains in AN related metabolite production are possible without an absolute 
increase in the number of trichomes. This means that while an increase in trichome 
abundance may be a primary goal, the yield per trichome as well may also be increased. 
Together these two strategies would yield greater total AN than either alone. Lastly, if 
our hypothesis regarding the deoxyAN and AN balance being maintained by steady state 
levels of H2O2 is true, it would be a significant departure from current thinking on the 
importance of ROS to AN biosynthesis. Should this be the case, it would represent one of 
the simplest possible mechanisms of controling AN production and also possibly one of 
the most easily exploitable for higher production of the drug in planta.   
135 
 
References 
Abdin MZ, Israr M, Rehman RU, Jain SK (2003) Artemisinin, a novel antimalarial drug: 
biochemical and molecular approach for enhanced production. Planta 
Medica 68: 289-299 
Acton N, Klayman DL (1985) Artemisitene, a new sesquiterpene lactone endoperoxide 
from Artemisia annua. Planta Medica. Planta Medica 51: 441-442 
Apel K,  Hirt H (2004) Reactive Oxygen Species: Metabolism, oxidative stress, and 
signal transduction. Annual Review of Plant Biology 55: 373-399 
Arsenault PR, Wobbe KK, Weathers PJ (2008) Recent advances in artemisinin 
production through heterologous expression. Current Medicinal 
Chemistry 15: 2886-2896 
Arsenault, PR.; Vail, DR.; Wobbe, KK.; Weathers, PJ. (2010). Effect of sugars on 
artemisinin production in Artemisia annua L.: transcription and metabolite 
measurements. Molecules 15: 2302-2318. 
Asada K (1999) The water-water cycle in chloroplasts: Scavenging of active oxygens and 
dissipation of excess photons. Annual Review of Plant Physiology and Plant 
Molecular Biology 50: 601-639 
Babu T, Marder J, Tripuranthakam S, Dixon D, Greenberg B (2001) Synergistic effects 
of a photooxidized polycyclic aromatic hydrocarbon and copper on 
photosynthesis and plant growth: evidence that in vivo formation of reactive 
oxygen species is a mechanism of copper toxicity. Environmental and 
Toxocologic Chemistry 20: 1351-1358 
Bajaj YPS, Rathore VS, Wittwer SH, Adams MW (1970) Effect of dimethyl sulfoxide on 
zinc65 uptake, respiration, and RNA and protein metabolism in bean (Phaseolus 
vulgaris) Tissues. American Journal of Botany 57: 794-799 
Baldi A, Dixit VK (2008) Yield enhancement strategies for artemisinin production by 
suspension cultures of Artemisia annua. Bioresource Technology 99: 4609-4614 
Bertea C, Freije J, van der Woude H, Verstappen F, Perk L, Marquez V, de Kraker J, 
Posthumus M, Jansen B, de Groot A, Franssen M, Bouwmeester H (2005) 
Identification of intermediates and enzymes involved in the early steps of 
artemisinin biosynthesis in Artemisia annua. Planta Medica 71: 40-47 
Bertea CM, Voster A, Verstappen FWA, Maffei M, Beekwilder J, Bouwmeester 
HJ (2006) Isoprenoid biosynthesis in Artemisia annua: Cloning and heterologous 
expression of a germacrene A synthase from a glandular trichome cDNA library. 
Archives of Biochemistry and Biophysics 448:3-12 
Bhattarai A, Ali AS, Kachur SP, Martensson A, Abbas AK, Khatib R, Al-Mafazy AW, 
Ramsan M, Rotllant G, Gerstenmaier JF, Molteni F, Abdulla S, Montgomery SM, 
136 
 
Kaneko A, Bjorkman A (2007) Impact of artemisinin-based combination therapy 
and insecticide-treated nets on malaria burden in Zanzibar. PLoS Medicine 4: 
e309 
Borrmann S, Szlezák N, Faucher J, Matsiegui P, Neubauer R, Binder R, Lell B, 
Kremsner P (2001) Artesunate and praziquantel for the treatment of Schistosoma 
haematobium infections: a double-blind, randomized, placebo-controlled study. 
Journal of Infectious Diseases 184: 1363-1366 
Bouwmeester HJ, Wallaart TE, Janssen MH, van Loo B, Jansen BJ, Posthumus MA, 
Schmidt CO, De Kraker JW, Konig WA, Franssen MC (1999) Amorpha-4, 11-
diene synthase catalyses the first probable step in artemisinin biosynthesis. 
Phytochemistry 52: 843-854 
Bozom M, Gargadennec A, Andary C, Roussel J, Gueiffier A (1998) Alkaloid repartition 
and DMSO effects on alkaloid accumulation in Catharanthus seedlings. Journal 
of Plant Physiology 153: 534-538 
Brown GD, Sy L-K (2004) In vivo transformations of dihydroartemisinic acid 
in Artemisia annua plants. Tetrahedron 60: 1139-1159 
Brown GD, Sy LK (2007) In vivo transformations of artemisinic acid in Artemisia annua 
plants. Tetrahedron 63: 9548-9566 
Buettner G (1993) The pecking order of free radicals and antioxidants: lipid peroxidation, 
alpha-tocopherol, and ascorbate. Archives of Biochemistry and Biophysics 
300: 535-543 
Capellades M, Fontarnau R, Carulla C, Debergh P (1990) Environment influences 
anatomy of stomata and epidermal cells in tissue-cultures Rosa multiflora. Journal 
of American Society for Horticultural Science 115: 141-145 
Carswell GK, Johnson CM, Shillito RD, Harms CT (1989) O-acetyl-salicylic acid 
promotes colony formation from protoplasts of an elite maize inbred. Plant Cell 
Reports 8: 282-284 
Chappell J (2002) The genetics and molecular genetics of terpene and sterol origami. 
Current Opinion in Plant Biology 5: 151-157 
Chen DH, Ye HC, Li GF (2000a) Expression of a chimeric farnesyl diphosphate synthase 
gene in Artemisia annua L. transgenic plants via Agrobacterium tumefaciens-
mediated transformation. Plant Science 155: 179-185 
Chen G, Wang G, Li X, Waters B, Davies J (2000b) Enhanced production of microbial 
metabolites in the presence of dimethyl sulfoxide. Journal of Antibiotics 
(Tokyo) 53: 1145-1153 
Chen PK, Leather GR (1990) Plant growth regulatory activities of artemisinin and its 
related compounds. Journal of Chemical Ecology 16: 1867-1876 
137 
 
Chen Z, Zhang Y (2005) Dimethyl sulfoxide targets phage RNA polymerases to promote 
transcription. Biochem Biophys Res Commun 333: 664-670 
Chien JC, Sussex IM (1996) Differential regulation of trichome formation on the adaxial 
and abaxial leaf surfaces by gibberellins and photoperiod in Arabidopsis thaliana 
(L.). Plant Physiology 111: 1321-1328 
Cikos S, Bukovska A, Koppel J (2007) Relative quantification of mRNA: comparison of 
methods currently used for real-time PCR data analysis. BMC Molecular 
Biology 20: 113-123 
Couée I, Sulmon C, Gouesbet G, El Amrani A (2006) Involvement of soluble suugars in 
reactive oxygen species balance and responses to oxidative stress in plants. 
Journal of Experimental Botany 57: 449-459 
Covello PS, Teoh KH, Polichuk DR, Reed DW (2007) Functional genomics and the 
biosynthesis of artemisinin. Phytochemistry 68: 1864-1871 
Dangl J, Jones J (2001) Plant pathogens and integrated defence responses to infection. 
Nature 411: 826-833 
de Kraker J-W, Schurink M, Franssen MCR, König WA, de Groot A, Bouwmeester 
HJ (2003) Hydroxylation of sesquiterpenes by enzymes from chicory (Cichorium 
intybus L.) roots. Tetrahedron 59: 409-418 
de Ridder S, van der Kooy F, Verpoorte R (2008) Artemisia annua as a self-reliant 
treatment for malaria in developing countries. Journal of  Ethnopharmacology 
120: 302-314 
de Vries P, Dien T (1996) Clinical pharmacology and therapeutic potential of artemisinin 
and its derivatives in the treatment of malaria. Drugs 52:818-836 
Delabays N, Simonnet X, Gaudin M (2001) The genetics of artemisinin content in 
Artemisia annua L. and the breeding of high yielding cultivars. Current Medicinal 
Chemistry 8: 1795-1801 
Doke N (1985) NADPH-dependent O2- generation in membrane fractions isolated from 
wounded potato tubers inoculated with Phytophthora infestans. Physiological 
Plant Pathology 27: 311-322 
Doke N, Miura Y, Sanchez LM, Park HJ, Noritake T, Yoshioka H, Kawakita K (1996) 
The oxidative burst protects plants against pathogen attack: Mechanism and role 
as an emergency signal for plant bio-defence -- a review. Gene 179: 45-51 
Duke SO, Paul RN (1993) Development and Fine Structure of the Glandular Trichomes 
of Artemisia annua L. International Journal of Plant Sciences154: 107-118 
Duke SO, Vaughn KC, Croom EM, El Sohly HN (1987) Artemisinin, a constituent of 
annual wormwood (Artemisia annua) is a selective phytotoxin. Weed Sci 35: 499-
505 
138 
 
Efferth T (2007) Willmar Schwabe Award 2006: antiplasmodial and antitumor activity of 
artemisinin--from bench to bedside. Planta Medica 73: 299-309 
Efferth T, Marschall M, Wang X, Huong SM, Hauber I, Olbrich A, Kronschnabl M, 
Stamminger T, Huang ES (2002) Antiviral activity of artesunate towards wild-
type, recombinant, and ganciclovir-resistant human cytomegaloviruses. Journal of 
Molecular Medicine (Berlin) 80: 233-242 
Eisenreich W, Bacher A, Arigoni D, Rohdich F (2004) Biosynthesis of isoprenoids via 
the non-mevalonate pathway. Cell Mol Life Sci 61: 1401-1426 
Ferreira JFS, Janick J (1995) Developmental studies of Artemisia annua : flowering and 
artemisinin production under greenhouse and field conditions. Planta Medica 61: 
167-70 
Ferreira JFS, Janick J (1996) Roots as an enhancing factor for the production of 
artemisinin in shoot cultures of Artemisia annua. Plant Cell, Tissue and Organ 
Culture 44: 211-217 
Firestone G, Sundar S (2009) Anticancer activities of artemisinin and its bioactive 
derivatives. Expert Reviews in Molecular Medicine 11: e32 
Foyer CH, Noctor G (2000) Tansley Review No. 112. Oxygen processing in 
photosynthesis: Regulation and signalling. New Phytologist 146: 359-388 
Gamborg OL, Miller RA, Ojima K (1968) Nutrient requirements of suspension cultures 
of soybean root cells. Experimental Cell Research 50: 151-158 
Ganjewala D, Kumar S, Luthra R (2009) An account of cloned genes of methyl-
erythritol-4-phosphate pathway of isoprenoid biosynthesis in plants. Current 
Issues in Molecular Biology 11 Suppl 1: 35-45 
Gibson SI (2005) Control of plant development and gene expression by sugar signaling. 
Current Opinions in Plant Biology 8: 93-102 
Gollop R, Even S, Colova-Tsolova V, Perl A (2002) Expression of the grape 
dihydroflavonol reductase gene and analysis of its promoter region. Journal of 
Experimental Botany 53: 1397-1409 
Graham IA, Denby KJ, Leaver CJ (1994) Carbon catabolite repression regulates 
glyoxylate cycle gene expression in cucumber. Plant Cell 6: 761-772 
Graham IA, Betrin K, Blumer S, Branigan CA, Czechowski T, Elisa L, Guterman I, 
Harvey D, Isaac PG, Khan AM, Larson TR, Li Y, Pawson T, Penfield T, Rae 
AM, Rathbone DA, Reid S, Ross J, Smallwood MF, Segura V, Townsend T, Vyas 
D, Winzer T, Bowles D (2010) The genetic map of Artemisia annua L. identifies 
loci affecting yield of the antimalarial drug artemisinin. Science 327:328-331  
139 
 
Han JL, B-Y. L, Ye H-C, Wang H, Li Z-Q, Li G-F (2006) Effects of overexpression of 
the endogenous farnesyl diphosphate synthase on the artemisinin content 
in Artemisia annua L. Journal Integrated Plant Biology 48: 482-487 
Hemmerlin A, Hoeffler JF, Meyer O, Tritsch D, Kagan IA, Grosdemange-Billiard C, 
Rohmer M, Bach TJ (2003) Cross-talk between the cytosolic mevalonate and the 
plastidial methylerythritol phosphate pathways in tobacco bright yellow-2 cells. 
Journal of Biological Chemistry 278: 26666-26676 
Hernandez X, Orden A, Giordano O, Kurina M (2005) Effects of elicitor and copper 
sulfate on grindelic acid production in submerged cultures of Grindelia pulchella. 
European Journal of Biotechnology. 8: 276-283 
Hoagland, DR, Arnon, DI (1950) The water culture method for growing plants without 
soil. Calif Agricultural Experiment Station Circular 347 
Holopainen JK (2004) Multiple functions of inducible plant volatiles. Trends in Plant 
Science 9: 529-533 
Hsu E (2006) The history of qing hao in the Chinese materia medica. Transactions of the 
Royal Society of Tropical Medicine and Hygiene 100: 505-508 
Hummel M, Rahmani F, Smeekens S, Hanson J (2009) Sucrose-mediated translational 
control. Annals of Botany 104: 1-7 
Jones-Brando L, D'Angelo J, Posner G, Yolken R (2006) In vitro inhibition of 
Toxoplasma gondii by four new derivatives of artemisinin. Antimicrobial Agents 
and Chemotherapies 50: 4206-4208 
Katsuki H, Bloch K (1967) Studies on the biosynthesis of ergosterol in yeast: Formation 
of methylated intermediates. Journal of Biological Chemistry 242: 222-227 
Khan A, Gebauer P, Hager L (1983) Chloroperoxidase generation of singlet Δ molecular 
oxygen observed directly by spectroscopy in the 1- to 1.6-mum region. 
Proceedings of the National Academy of Science U S A 80: 5195-5197 
Kharasch N, Thyagarajan B (1983) Structural basis for biological activities of dimethyl 
sulfoxide. Annals of the New York Academy of Sciences 411: 391-402 
Kim SH, Chang YJ, Kim SU (2008) Tissue specificity and developmental pattern of 
amorpha-4,11-diene synthase (ADS) proved by ADS promoter-driven GUS 
expression in the heterologous plant, Arabidopsis thaliana. Planta Med 74: 188-
193 
Kim SH, Heo K, Chang YJ, Park SH, Rhee SK, Kim SU (2006) Cyclization mechanism 
of amorpha-4,11-diene synthase, a key enzyme in artemisinin biosynthesis. 
Journal of Natural Products 69: 758-762 
140 
 
Kim Y, Wyslouzil BE, Weathers PJ (2001) A comparative study of mist and bubble 
column reactors in the in vitro production of artemisinin. Plant Cell 
Reports 20: 451-455 
Klessig D, Durner J, Noad R, Navarre D, Wendehenne D, Kumar D, Zhou J, Shah J, 
Zhang S, Kachroo P, Trifa Y, Pontier D, Lam E, Silva H(2000) Nitric oxide and 
salicylic acid signaling in plant defense. Proceedings of the National Academy of 
Science U S A 97: 8849-8855 
Kliebenstein D, Monde R, Last R (1998) Superoxide dismutase in Arabidopsis: an 
eclectic enzyme family with disparate regulation and protein localization. Plant 
Physiology 118: 637-650 
Kolbe A, Tiessen A, Schluepmann H, Paul M, Ulrich S, Gelgenberger P (2005) Trehalose 
6-phosphate regulates starch synthesis via posttranslational redox activation 
ofADP-glucose pyrophosphorylase. Proceedings of the National Academy of 
Science USA 102: 11118-11123 
Koops AJ, Italiaander E, Groeneveld HW (1991) Triterpenoid biosynthesis in the 
seedling of Euphorbia lathyris L. from sucrose and amino acids. Plant 
Science 74: 193-201 
Kumar S, Gupta SK, Singh P, Bajpai P, Gupta MM, Singh D, Gupta AK, Ram G, 
Shasany AK, Sharma S (2004) High yields of artemisinin by multi-harvest of 
Artemisia annua crops. Industrial Crops and Products 19: 77-90 
Kurina Sanz M, Hernandez XE, Tonn CE, Guerreiro E (2000) Enhancement of tessaric 
acid production in Tessaria absinthioides cell suspension cultures. Plant Cell 
Reports 19: 821-824 
Laughlin JC (2002) Post-harvest drying treatment effects on antimalarial constituents of 
Artemisia annua. L. Acta Horticulturae. 576: 315-320 
Laule O, Furholz A, Chang HS, Zhu T, Wang X, Heifetz PB, Gruissem W, Lange 
M (2003) Crosstalk between cytosolic and plastidial pathways of isoprenoid 
biosynthesis in Arabidopsis thaliana. Proceedings of the National Academy of 
Science  U S A 100: 6866-6871 
Lazzarino G, Amorini AM, Fazzina G, Vagnozzi R, Signoretti S, Donzelli S, Stasio ED, 
Giardina B, Tavazzi B (2003) Single-sample preparation for simultaneous cellular 
redox and energy state determination. Analytical Biochemistry 322: 51-59 
Liang P, Ko T, Wang A (2002) Structure, mechanism and function of prenyltransferases. 
European Journal of Biochemistry 269: 3339-3354 
Lichtenthaler H (1999) The 1-deoxy-D-xylulose-5-phosphate pathway of isoprenoid 
biosynthesis in plants. Annual Reviews in Plant Physiology and Plant Molecular 
Biology 50: 47-65 
141 
 
Lindahl A-L, Olsson M, Mercke P, Tollbom Ö, Schelin J, Brodelius M, Brodelius 
P (2006) Production of the artemisinin precursor amorpha-4,11-diene by 
engineered Saccharomyces cerevisiae. Biotechnology Letters 28: 571-580 
Liu CZ, Wang YC, Ouyang F, Ye HC, Li GF (1998) Production of artemisinin by hairy 
root cultures of Artemisia annua L in bioreactor. Biotechnology Letters 20: 265-
268 
Liu E, Qi L, Wu Q, Peng Y, Li P (2009a) Anticancer Agents Derived from Natural 
Products. Mini Reviews in Medicinal Chemistry 9:1547-1555 
Liu S, Tian N, Li J, Huang J, Liu Z (2009b) Isolation and identification of novel genes 
involved in artemisinin production from flowers of Artemisia annua using 
suppression subtractive hyrbidization and metabolite analysis. Planta Medica 15: 
1542-1547 
Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-
time quantitative PCR and the 2ΔΔCT method. Methods 25:402-408 
Lommen WJ, Shenk E, Bouwmeester HJ, Verstappen FW (2006) Trichome dynamics 
and artemisinin accumulation during development and senescence of Artemisia 
annua leaves. Planta Medica 72: 336-345 
Ma C, Wang H, Lu X, Xu G, Liu B (2008) Metabolic fingerprinting investigation of 
Artemisia annua L. in different stages of development by gas chromatography and 
gas chromatography-mass spectrometry. Journal of Chromatography 
A 1186: 412-419 
Ma D, Pu G, Lei C, Ma L, Wang H, Guo Y, Chen J, Du Z, Li G, Ye H, Liu B (2009) 
Isolation and characterization of AaWRKY1, an Artemisia annua transcription 
factor that regulates the amorpha-4,11-diene synthase gene, a key gene of 
artemisinin biosynthesis. Plant Cell Physiology 50: 2146-2161 
Mannan A, Liu C, Arsenault P, Towler M, Vail D, Lorence A, Weathers P (2010) DMSO 
triggers the generation of ROS leading to an increase in artemisinin and 
dihydroartemisinic acid in Artemisia annua shoot cultures. Plant Cell Reports 
15:2302-2318 
Marks P, Breslow R (2007) Dimethyl sulfoxide to vorinostat: development of this histone 
deacetylase inhibitor as an anticancer drug. Nature Biotechnology 25: 84-90 
Mathers C, Ezzati M, Lopez A (2007) Measuring the burden of neglected tropical 
diseases: the global burden of disease framework. PLoS Neglected Tropical 
Diseases 1: e114 
Matsushita Y, Kang W, Charlwood BV (1996) Cloning and analysis of a cDNA encoding 
farnesyl diphosphate synthase from Artemisia annua. Gene 172: 207-209 
142 
 
McCaskill D, Croteau R (1995) Monoterpene and sesquiterpene biosynthesis in glandular 
trichomes of peppermint (Mentha x piperita) rely exclusively on plastid-derived 
isopentenyl diphosphate. Planta 197: 49-56 
McCaskill D, Croteau R (1999) Isopentenyl diphosphate is the terminal product of the 
deoxyxylulose-5-phosphate pathway for terpenoid biosynthesis in plants. 
Tetrahedron Letters 40: 653-656 
Merali S, Meshnick S (1991) Susceptibility of Pneumocystis carinii to artemisinin in 
vitro. Antimicrob Agents Chemother 35: 1225-1227 
Mercer AE, Maggs JL, Sun XM, Cohen GM, Chadwick J, O'Neill PM, Park BK (2007) 
Evidence for the involvement of carbon-centered radicals in the induction of 
apoptotic cell death by artemisinin compounds. J Biol Chem 282: 9372-9382 
Mishina Y, Krishna S, Haynes R, Meade J (2007) Artemisinins inhibit Trypanosoma 
cruzi and Trypanosoma brucei rhodesiense in vitro growth. Antimicrobial Agents 
and Chemotherapy 51: 1852-1854 
Mittler R, Vanderauwera S, Gollery M, Van Breusegem F (2004) Reactive oxygen gene 
network of plants. Trends in Plant Science 9: 490-498 
Murashige T, Skoog F (1962) A revised medium for rapid growth and bio assays with 
tobacco tissue cultures. Physiologia Plantarum 15: 473-497 
Nam W, Tak J, Ryu J, Jung M, Yook J, Kim H, Cha I (2007) Effects of artemisinin and 
its derivatives on growth inhibition and apoptosis of oral cancer cells. Head and 
Neck 29: 335-340 
Nosten F, McGready R, d'Alessandro U, Bonell A, Verhoeff F, Menendez C, 
Mutabingwa T, Brabin B (2006) Antimalarial drugs in pregnancy: a review. 
Current Drug Safety 1: 1-15 
Olsson M, Olofsson L, Lindahl A, Lundgren A, Brodelius M, Brodelius P (2009) 
Localization of enzymes of artemisinin biosynthesis to the apical cells of 
glandular secretory trichomes of Artemisia annua L. Phytochemistry 70: 1123-
1128 
op den Camp RG, Przybyla D, Ochsenbein C, Laloi C, Kim C, Danon A, Wagner D, 
Hideg E, Gobel C, Feussner I, Nater M, Apel K (2003) Rapid induction of distinct 
stress responses after the release of singlet oxygen in Arabidopsis. Plant 
Cell 15: 2320-2332 
Picaud S, Olofsson L, Brodelius M, Brodelius PE (2005) Expression, purification, and 
characterization of recombinant amorpha-4,11-diene synthase from Artemisia 
annua L. Archives of Biochemistry and Biophysics 436: 215-226 
Praygod G, de Frey A, Eisenhut M (2008) Artemisinin derivatives versus quinine in 
treating severe malaria in children: a systematic review. Malaria Journal 7: 210 
143 
 
R Development Core Team (2008). R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, ISBN 3-900051-07-0, URL 
http://www.R-project.org. 
Ram M, Khan M, Jha P, Khan S, Kiran U, Ahmad M, Javed S, Abdin M (2010) HMG-
CoA reductase limits artemisinin biosynthesis and accumulation in Artemisia 
annua L. plants. Acta Physiologiae Plantarum: DOI: 10.1007/s11738-010-0470-5 
Ramos-Valdivia AC, van der Heijden R, Verpoorte R (1997) Isopentenyl diphosphate 
isomerase: a core enzyme in isoprenoid biosynthesis. A review of its biochemistry 
and function. Natural Products Reports 14: 591-603 
Rathore D, McCutchan T, Sullivan M, Kumar S (2005) Antimalarial drugs: current status 
and new developments. Expert Opinions Investigational Drugs 14:871-883 
Ro DK, Paradise EM, Ouellet M, Fisher KJ, Newman KL, Ndungu JM, Ho KA, Eachus 
RA, Ham TS, Kirby J, Chang MC, Withers ST, Shiba Y, Sarpong R, Keasling 
JD (2006) Production of the antimalarial drug precursor artemisinic acid in 
engineered yeast. Nature 440: 940-943 
Rohmer M (1999) The discovery of a mevalonate-independent pathway for isoprenoid 
biosynthesis in bacteria, algae and higher plants. Natural Products 
Reports 16: 565-574 
Rohmer M, Seemann M, Horbach S, Bringer-Meyer S, Sahm H (1996) Glyceraldehyde 
3-phosphate and pyruvate as precursors of isoprenic units in an alternative non-
mevalonate pathway for terpenoid biosynthesis. Journal of the American 
Chemical Society 118: 2564-2566 
Roldan M, Gomez-Mena C, Ruiz-Garcia L, Salinas J, Martinez-Zapater JM (1999) 
Sucrose availability on the aerial part of the plant promotes morphogenesis and 
flowering of Arabidopsis in the dark. Plant Journal 20: 581-590 
Rolland F, Baena-Gonzalez E, Sheen J (2006) Sugar sensing and signaling in plants: 
conserved and novel mechanisms. Annuals Reviews of Plant Biology 57:675-709 
Romero MR, Efferth T, Serrano MA, Castano B, Macias RI, Briz O, Marin JJ (2005) 
Effect of artemisinin/artesunate as inhibitors of hepatitis B virus production in an 
"in vitro" replicative system. Antiviral Research 68: 75-83 
Sangwan RS, Agarwal K, Luthra R, Thakur RS, Singh-Sangwan N (1993) 
Biotransformation of arteannuic acid into arteannuin-B and artemisinin in 
Artemisia annua. Phytochemistry 34: 1301-1302 
Santos N, Figueira-Coelho J, Martins-Silva J, Saldanha C (2003) Multidisciplinary 
utilization of dimethyl sulfoxide: pharmacological, cellular, and molecular 
aspects. Biochemical Pharmacology 65: 1035-1041 
Scandalios J (1993) Oxygen stress and superoxide dismutases. Plant Physiology 101: 7-
12 
144 
 
Schmid WE (1968) On the effects of DMSO in cation transport by excised barley roots. 
American Journal of Botany 55: 757-761 
Schramek N, Wang H, Römisch-Margl W, Keil B, Radykewicz T, Winzenhörlein B, 
Beerhues L, Bacher A, Rohdich F, Gershenzon J, Liu B, Eisenreich W (2010) 
Artemisinin biosynthesis in growing plants of Artemisia annua. A 13CO2 study. 
Phytochemistry 71: 179-187 
Schuler M, Werck-Reichhart D (2003) Functional genomics of P450s. Annual Reviews 
in Plant Biology 54: 629-667 
Sehringer B, Zahradnik HP, Deppert WR, Simon M, Noethling C, Schaefer WR (2005) 
Evaluation of different strategies for real-time RT-PCR expression analysis of 
corticotropin-releasing hormone and related proteins in human gestational tissues. 
Analytical and Bioanalytical Chemistry 383: 768-775 
Shu W, Yang K, Zhang Z, Yang B, Lan Cg (2001) Flora and heavy metals in dominant 
plants growing on an acient copper spoil heap on Tonglushan in Hubei province, 
China. Chinese Journal of Applied and Environmental Biology 7: 7-12 
Singh NP, Lai HC (2004) Artemisinin induces apoptosis in human cancer cells. 
Anticancer Research 24: 2277-2280 
Smith T, Weathers P, Cheetham R (1997) Effects of gibberellic acid on hairy root 
cultures of Artemisia annua: Growth and artemisinin production. In Vitro Cellular 
& Developmental Biology - Plant 33: 75-79 
Solfanelli C, Poggi A, Loreti E, Alpi A, Perata P (2006) Sucrose-specific induction of the 
anthocyanin biosynthetic pathway in Arabidopsis. Plant Physiol 140: 637-646 
Suhita D, Raghavendra A, Kwak J, Vavasseur A (2004) Cytoplasmic alkalization 
precedes reactive oxygen species production during methyl jasmonate- and 
abscisic acid-induced stomatal closure. Plant Physiology 134: 1536-1545 
Sy LK, Brown GD (2002) The mechanism of the spontaneous autoxidation of 
dihydroartemisinic acid. Tetrahedron 58: 897-908 
Telfer A, Bollman KM, Poethig RS (1997) Phase change and the regulation of trichome 
distribution in Arabidopsis thaliana. Development 124: 645-654 
Tellez MR, Canel C, Rimando AM, Duke SO (1999) Differential accumulation of 
isoprenoids in glanded and glandless Artemisia annua. L. 
Photochemistry 52: 1035-1040 
Teoh KH, Polichuk DR, Reed DW, Covello PS (2009) Molecular cloning of an aldehyde 
dehydrogenase implicated in artemisinin biosynthesis in Artemisia annua. 
Botany 87: 635-642 
Teoh KH, Polichuk DR, Reed DW, Nowak G, Covello PS (2006) Artemisia annua L. 
(Asteraceae) trichome-specific cDNAs reveal CYP71AV1, a cytochrome P450 
145 
 
with a key role in the biosynthesis of the antimalarial sesquiterpene lactone 
artemisinin. FEBS Letters 580: 1411-1416 
Thordal-Christensen H, Zhang Z, Wei Y, Collinge D (1997) Subcellular localization of 
H2O2 in plants. H2O2 accumulation in papillae and hypersensitive response during 
the barley—powdery mildew interaction. The Plant Journal 11: 1187-1194 
Towler MJ, Weathers PJ (2007) Evidence of artemisinin production from IPP stemming 
from both the mevalonate and the nonmevalonate pathways. Plant Cell 
Reports 26: 2129-2136 
Triantaphylidès C, Havaux M (2009) Singlet oxygen in plants: production, detoxification 
and signaling. Trends in Plant Science 14: 219-228 
Utzinger J, Keiser J (2004) Schistosomiasis and soil-transmitted helminthiasis: common 
drugs for treatment and control. Opinions in Pharmacotherapy 5: 263-285 
Utzinger J, Xiao S, N'Goran E, Bergquist R, Tanner M (2001) The potential of 
artemether for the control of schistosomiasis. International Journal of  
Parasitology 31:1549-1562 
Vitrac X, Larronde F, Krisa S, Decendit A, Deffieux G, Merillon JM (2000) Sugar 
sensing and Ca2+-calmodulin requirement in Vitis vinifera cells producing 
anthocyanins. Phytochemistry 53: 659-665 
Wagner D, Przybyla D, Op den Camp R, Kim C, Landgraf F, Lee KP, Wursch M, Laloi 
C, Nater M, Hideg E, Apel K (2004) The genetic basis of singlet oxygen-induced 
stress responses of Arabidopsis thaliana. Science 306: 1183-1185 
Wagner G (1991) Secreting glandular trichomes: More than just hairs. Plant 
Physiol 96: 675-679 
Wallaart TE, Bouwmeester HJ, Hille J, Poppinga L, Maijers NC (2001) Amorpha-4,11-
diene synthase: cloning and functional expression of a key enzyme in the 
biosynthetic pathway of the novel antimalarial drug artemisinin. Planta 212: 460-
465 
Wallaart TE, Pras N, Beekman AC, Quax WJ (2000) Seasonal variation of artemisinin 
and its biosynthetic precursors in plants of Artemisia annua of different 
geographical origin: proof for the existence of chemotypes. Planta Medica 66: 57-
62 
Wallaart TE, Pras N, Quax WJ (1999) Isolation and identification of dihydroartemisinic 
acid hydroperoxide from Artemisia annua: A novel biosynthetic precursor of 
artemisinin. Journal of Natural Products 62: 1160-1162 
Wang H, Ge L, Ye HC, Chong K, Liu BY, Li GF (2004) Studies of the effects of fpf1 
gene on Artemisia annua flowering time and on the linkage between flowering 
and artemisinin biosynthesis. Planta Medica 70: 347-352 
146 
 
Wang H, Ma C, Li Z, Ma L, Wang H, Ye H, Xu G, Liu B (2010) Effects of exogenous 
methyl jasmonate on artemisinin biosynthesis and secondary metabolites in 
Artemisia annua L. Industrial Crops and Products 31: 214-218 
Wang Y, Weathers PJ (2007) Sugars proportionately affect artemisinin production. Plant 
Cell Reports 26: 1073-1081 
Withers S, Keasling J (2007) Biosynthesis and engineering of isoprenoid small 
molecules. Applied Microbiology and Biotechnology 73: 980-990 
Woerdenbag HJ, Luers J, van Uden W, Pras N, Malingre T, Alfermann A (1993) 
Production of the new antimalarial drug artemisinin in shoot cultures of Artemisia 
annua L. Cell Tissue and Organ Culture 32: 247-257 
Wu S, Schalk M, Clark A, Miles RB, Coates R, Chappell J (2006) Redirection of 
cytosolic or plastidic isoprenoid precursors elevates terpene production in plants. 
Nature Biotechnology 24: 1441-1447 
Xiong L, Schumaker K, Zhu J (2002) Cell signaling during cold, drought, and salt stress. 
Plant Cell 14 Suppl: S165-183 
Yanagisawa S, Yoo S, Sheen J (2003) Differential regulation of EIN3 stability by glucose 
and ethylene signalling in plants. Nature 425: 521-525 
Yang R, Feng L, Yang X, Yin L, Xu X, Zeng Q (2008) Quantitative transcript profiling 
reveals down-regulation of A sterol pathway relevant gene and overexpression of 
artemisinin biogenetic genes in transgenic Artemisia annua plants. Planta 
Medica 74: 1510-1516 
Yang R, Zeng X, Lu Y, Lu W, Feng L, Yang X, Zeng Q (2009) Senescent Leaves of 
Artemisia annua are one of the most active organs for overexpression of 
artemisinin biosynthesis responsible genes upon burst of singlet oxygen. Planta 
Medica DOI: 10.1055/s-0029-1240620 
Ye Z, Rodriguez R, Tran A, Hoang H, de los Santos D, Brown S, Vellanoweth R (2000) 
The developmental transition to flowering represses ascorbate peroxidase activity 
and induces enzymatic lipid peroxidation in leaf tissue in Arabidopsis thaliana. 
Plant Science 158: 115-127 
Yu Z, Quinn P (1994) Dimethyl sulphoxide: a review of its applications in cell biology. 
Bioscience Reports 14: 259-281 
Yuan JS, Reed A, Chen F, Stewart CNJ (2006) Statistical analysis of real-time PCR data. 
Bioinformatics 7: 85-90 
Zador E, Jones D (1986) The Biosynthesis of a Novel Nicotine Alkaloid in the Trichomes 
of Nicotiana stocktonii. Plant Physiology 82: 479-484 
147 
 
Zeng QP, Zeng XM, Yin LL, Yang RY, Feng LL, Yang XQ (2009) Quantification of 
three key enzymes involved in artemisinin biogenesis in Artemisia annua by 
polyclonal antisera-based ELISA. Plant Molecular Biology Reporter 27: 50-57 
Zhang L, Ye HC, Li GF (2006) Effect of development state on the artemisinin content 
and the sequence characterized amplified region (SCAR) marker of high-
artemisinin yielding strains of Artemisia annua L. Journal of Integrative Plant 
Biology 48: 1054-1062 
Zhang Y, Teoh KH, Reed DW, Covello PS (2009) Molecular cloning and 
characterization of Dbr1, a 2-alkenal reductase from Artemisia annua. 
Botany 87: 643-649 
Zhang Y, Teoh KH, Reed DW, Maes L, Goossens A, Olson DJH, Ross ARS, P.S. 
C (2008) The molecular cloning of artemisinic aldehyde ∆11(13) reductase and its 
role in glandular trichome-dependent biosynthesis of artemisinin in Artemisia 
annua. Journal of Biological Chemistry 283:20501-21508 
Zhang Y, Ye H, Li G (2003) Effect of horseradish peroxidase on the biosynthesis of 
artemisinin in Artemisia annua in vitro. Chinese Journal of Applied 
Environmental Biology 9: 616-618 
Zhang YS, Ye HC, Liu BY, Wang H, Li GF (2005) Exogenous GA3 and flowering 
induce the conversion of artemisinic acid to artemisinin in Artemisia annua 
plants. Russian Journal of Plant Physiology 52: 58-62 
Zheng L, Guo Y, Wang J, Tan R (2008) Nitric oxide potentiates oligosaccharide-induced 
artemisinin production in Artemisia annua hairy roots. Journal of Integrated Plant 
Biology 50: 49-55 
Zhou H, Wang W, Wu G, Lee J, Li A (2007) Artesunate inhibits angiogenesis and 
downregulates vascular endothelial growth factor expression in chronic myeloid 
leukemia K562 cells. Vascular Pharmacology 47: 131-138 
Zhou L, Jang JC, Jones TL, Sheen J (1998) Glucose and ethylene signal transduction 
crosstalk revealed by an Arabidopsis glucose-insensitive mutant. Proceedings of 
the National Academy of Science U S A 95: 10294-10299 
 
